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A combined experimental and theoretical approach is reported with a goal to 
develop a deeper understanding of strong metal support interactions (SMSI) and 
particularly their role in the oxygen reduction reaction (ORR). This was accomplished by 
developing a well-defined experimental system that can almost perfectly be modeled 
using first principles theory.  
First, an electrocatalytic model was constructed based on NP-mediated electron 
transfer (eT). That is, thin films of Al2O3 (2.5-5.7 nm) were deposited onto pyrolyzed 
photoresist film (PPF) electrodes resulting in passivation of faradaic current. Next, 
previously passivated eT was recovered by immobilizing dendrimer-encapsulated PtNPs 
(Pt DENs) (1.3 nm) onto the Al2O3 surface. The resulting PPF/Al2O3/Pt DENs electrodes 
were stable under various electrochemical conditions and showed an activity for the 
ORR.  
When DENs are immobilized onto solid supports, the dendrimers prevent direct 
contact between the encapsulated NPs and underlying supports. Consequently, in such 
systems, SMSI are not observed. Therefore, in the next step of the study we developed an 
 vii 
ultraviolet/ozone (UV/O3)-based procedure that allows for the removal of dendrimers, as 
confirmed by X-ray photoelectron spectroscopy (XPS), without affecting shape, size, or 
composition of the encapsulated NPs. 
Third, electrocatalytic activity of a PPF/Al2O3/G6-OH(Pt55) electrode was studied 
before and after the UV/O3 treatment using a novel microelectrochemical flow cell. The 
results indicated that direct interactions between Al2O3 and PtNPs do not affect the 
reaction pathway for the ORR. This was indeed anticipated because Al2O3 is a non-
reducible oxide and will be used in the future studies as a control metal-oxide support.  
Finally, we switched to a theory-first approach in which density function theory 
(DFT) was used to predict catalysts having desired properties based on the previously 
discussed experimental model. Based on the results of the DFT calculations, a PPF/SnOx 
(x = 1.9 or 2.0)/Au147 DEN system was studied before and after the removal of 
dendrimers. Experimental results indicated that improvements in activity for the ORR 
were observed when Au147 NPs interacted directly with SnOx supports. Moreover, XPS 
studies showed that the observed catalytic enhancements were due to eT from surface 
oxygen vacancies in SnOx to Au147 NPs. These experimental results agreed with the 
theoretical predictions.  
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Chapter 1: Introduction 
MOTIVATION AND OBJECTIVES 
The role of catalysts is becoming increasingly important, especially in the power 
generation, automotive and chemical industries. Unfortunately, the main method of 
catalyst design is still costly and time-consuming process of trial and error. What is 
needed is the development of an efficient and controlled approach that would lower the 
existing costs of catalysts design. Although computational methods and their speed are 
rapidly advancing, first principle calculations played a role in designs of only a few 
technical catalysts.1 This is the justification for the study presented here - close 
collaboration between well-defined experimental methods and advance theory is the most 
productive way towards an efficient catalysts design. 
However, development and characterization of an electrocatalytic experimental 
model against which theoretical predictions can be tested is very challenging. And this 
becomes even harder when it comes to including the support interactions in studying and 
understanding catalyst function. Strong metal support interactions (SMSI)2–4 have 
attracted high research interest over the past four decades as an efficient means to 
improve catalyst activity in the field of gas-phase catalysis. However, such interactions 
are still not well understood and pose a challenge for both theory and experiment.2,4 
Understanding SMSI becomes even more challenging within the field of 
electrochemistry. This is because it is more difficult to prepare well-defined 
electrocatalyst models, and theoretical modeling of experimental results is more difficult 
in condensed phase. Therefore, a well-defined electrocatalyst model that would allow 
further understanding, control, and adjustment of SMSI is essential. This model would 
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also need to correlate very well to the first principle calculations. 
Considerable portion of electrocatalytic studies on SMSI have been focusing on 
the oxygen reduction reaction (ORR)5–7. The ORR is a crucial reaction in electrochemical 
energy conversion, and it is the greatest source of inefficiency in fuel cells.5 Recently, 
experimental achievements regarding the ORR have been predominantly led by 
theoretical works.8 However, theoretical efforts have not been specifically focused on 
understanding the importance of reducible oxide supports in the ORR. On the other hand, 
experimental studies have established that supports can improve catalyst activity towards 
the ORR in several ways.2,9 For instance, catalyst electronic properties can be tuned or 
the support itself can participate in electrocatalytic reactions, both resulting in improved 
ORR rates at low overpotentials. However, rate limiting steps in the ORR catalyzed at 
metal-oxide/metal composites are still not clear, and a collaborative 
experimental/theoretical approach would be an effective way towards addressing 
numerous unanswered questions in this field.  
It is important to point out that the goal of this study is not to develop technical 
catalysts for commercial applications. Instead, this is a fundamental study, focusing on a 
collaboration between experiment and theory, with a goal to get to the point where theory 
will be leading experimental research. Several goals were accomplished in this work. 
First, an experimental electrocatalyst model partially based on nanoparticle (NP)-
mediated electron transfer (eT) recovery was developed and characterized. The model 
consisted of an Al2O3 film with overlying dendrimer-encapsulated PtNPs (Pt DENs). 
Although dendrimers prevented direct contact between the encapsulated PtNPs and 
underlying Al2O3, the electrochemical construct was active for the ORR (Chapter III).  
Second, a UV/O3-based method was introduced allowing for removal of 
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dendrimers from DENs immobilized onto solid supports. Removal of the dendrimers is of 
critical importance as it provides a means to control interactions between NPs and their 
metal-oxide (MO) supports. Consequently, this allows the study of electrocatalytic 
reactions in the absence and presence of SMSI interactions (Chapter IV). Next, a novel 
dual-electrode microfluidic flow cell is introduced, which allows for a simultaneous study 
of kinetics and the mechanism of electrocatalytic reactions at complex surface 
modifications. Correspondingly, using the microfluidic flow cell, PtNPs activity for the 
ORR in the absence and presence of interactions with Al2O3 was studied (Chapter V). 
Finally, we switched to a theory-first approach, and based on the results of first principles 
calculations, we experimentally studied the effects of SnOx (x = 1.9 or 2.0) supports on 
electrocatalytic activity of AuNPs for the ORR. The results of the experimental study 
converged well with the first principle theory predictions (Chapter VI).  
 
POLY(AMIDOAMINE) (PAMAM) DENDRIMERS 
First introduced by Vogtle in 1978,10 dendrimers are highly monodisperse, 
spherically shaped (Generation 4 and above), tree-like macromolecules. In this work we 
used poly(amidoamine) (PAMAM) dendrimers which are synthesized using a divergent 
approach involving the growth of a molecule from the center to the periphery.11 
Dendrimers are synthesized in a repeated sequence of reaction steps, where each 
additional reaction sequence leads to a higher generation of dendrimer with a larger 
diameter. Dendrimers consist of three main parts: core, interior, and periphery. PAMAM 
dendrimers are composed of alkyl-diamine core and tertiary amine branches. Their 
periphery consists of tens to thousands of individual functional groups which can be 
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modified to adjust physical and chemical properties of the dendrimer. Table 1.112 shows 
certain properties of amine-terminated PAMAM dendrimers by generation.  
 
Generation Diameter (nm) Number of 
Surface Groups 
0 1.5 4 
1 2.2 8 
2 2.9 16 
3 3.6 32 
4 4.5 64 
5 5.4 128 
6 6.7 256 
7 8.1 512 
8 9.7 1024 
9 11.4 2048 
10 13.5 4096 
Table 1.1: Physical properties of amino-terminated PAMAM dendrimers (G0-G10).  
 
DENDRIMER-ENCAPSULATED NANOPARTICLES (DENS) 
Dendrimers have been widely used as hosts for the synthesis of NPs. In this report 
hydroxyl and amino-terminated PAMAM dendrimers are used for the synthesis of Pt and 
Au DENs. Synthesis of dendrimer-encapsulated NPs (DENs) usually consists of two 
steps.13 First, a precursor metal salt is mixed with dendrimer solution in a desired 
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stochiometric ratio. During this step, metal ions complex with the interior amine groups 
of the dendrimer. During the second step, a chemical reducing agent (e.g. BH4
-) is added 
leading to reduction of the precursor ions and subsequent agglomeration of the resulting 
atoms to form dendrimer-encapsulated nanoparticles. This procedure usually leads to 
formation of completely reduced metal NPs (like Cu14,15 and Au16,17). However, in the 
case of PtNPs this synthesis route results in formation of both fully reduced DENs and 
unreduced Pt2+ within the dendrimers.18 Nonetheless, the Crooks group reported a 
method, based on galvanic exchange, that allows the synthesis of completely reduced Pt 
DENs.13,15 Briefly, Cu DENs are formed using the previously described two-step process, 
and then Pt salts (like PtCl4
2-) are added to initiate galvanic exchange. That is, Pt has a 
more positive reduction potential compared to Cu, and therefore Cu DENs are oxidized to 
form Cu2+ and Pt salts are reduced to zero-valent Pt.  
DENs offer multiple advantages over other methods of preparing NPs, including: 
(1) size of the encapsulated NPs can be closely controlled by the dendrimer template: 
metal ion ratio and by the generation of the dendrimer;11,13 (2) fairly monodisperse NPs 
containing an average of 147 atoms can be synthesized, making them ideal for modeling 
by density function theory (DFT);17,19 (3) the peripheral groups of dendrimers can be 
used to immobilize DENs onto solid surfaces allowing their use in heterogeneous 
catalysis and preventing direct contact between the encapsulated NPs and underlying 
surfaces during such catalytic reactions;11,20 (4) encapsulated NPs are confined within the 
dendrimers by steric effects, therefore most of the NP surface is catalytically active and 
its electronic properties are not affected by the dendrimer.20,21 Importantly, as DENs are 
well-defined in size, structure, and composition, they are a good model for establishing 
structure−function relationships. Finally, due to these advantages, it has been previously 
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shown that properties of DENs measured experimentally correlate well with first 
principles theory predictions.22,23 
 
ATOMIC LAYER DEPOSITION (ALD) 
Atomic layer deposition (ALD) is a chemical vapor deposition (CVD)-based 
technique that is believed to form pinhole-free, atomically smooth, and ultra-thin 
films.24,25 The ability of ALD to evenly coat substrates having complex shapes arises 
from its self-limiting growth mechanism.26,27 That is, one cycle of ALD consists of 
sequential, self-limiting reactions occurring between gas-phase precursors and a solid 
substrate. The ALD process begins with introduction of a gas-phase metal precursor to a 
substrate, resulting in a self-limited formation of a monolayer. Unreacted precursor 
molecules and gaseous-reaction byproducts are then removed in a purge step with N2. 
Next, an oxygen source (e.g., H2O, H2O2, O2, O3, etc.) is introduced into the ALD 
chamber to activate the surface for the next introduction of the metal-precursor. Finally, 
the chamber is purged again with N2. An ALD cycle can be repeated until desired film 
thickness is reached.  
The composition of deposited materials can be precisely controlled during ALD. 
This is accomplished by controlling the length of each of the previously discussed four 
steps that make up one ALD cycle, as well as by the choice of a metal precursor and 
oxygen source. In this work, we focus on depositing Al2O3 and SnO1.7 ALD films, 
therefore metal precursors used for formation of these films were trimethylaluminum 










Figure 1.2: Chemical structure of tetrakis(dimethylamino)tin (TDMASn). 
As mentioned before, the choice of the oxygen source can play an important role 
in the composition and stoichiometry of ALD films. Oxygen sources used in this research 
were O3 (for deposition of Al2O3) and H2O (for SnO1.7). O3 offers several advantages 
over H2O as an ALD precursor. For example, risks of hydrogen and hydroxyl 
contaminations are reduced when O3 is used. Moreover, O3 is highly volatile and a strong 
oxidizing agent resulting in shorter ADL steps.26,28 Finally, films formed with O3 exhibit 
lower defect density, less problems with delamination, and lower electrochemical leakage 
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currents.28 However, even though O3 offers multiple discussed advantages, production of 
O3 at a point of use is more complicated, compared to H2O, as it requires an O3-
generator.   
 
NP-MEDIATED ELECTRON TRANSFER (ET) 
In 1996, Nathan and coworkers reported that a polymerized silane film can 
completely passivate a platinum electrode so that no appreciable faradaic 
electrochemistry occurs between the electrode and methyl viologen in solution.29 
Interestingly, however, upon immobilization of gold or silver NPs onto the polymerized 




Illustration 1.1: Schematic illustration of eT across an insulating layer in the absence and 
presence of a NP.  
The group further extended their research to show that changes in substrates, 
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functional groups of the insulating layer, and NP diameter (12-20 nm) do not influence 
the overall electrochemical behavior of the system. However, interest in this type of 
electrode/insulator/NP constructs did not peak until 12 years later when the Fermin30–32 
and the Gooding33,34 groups independently started studying dependence of NP-mediated 
eT on the thickness of the insulating layer. They showed that in the absence of NPs the 
expected relationship between current and insulating film thickness still holds (Equation 
1.1)35: 
i ∝ exp-βd             (1.1) 
where β is electron tunneling constant and d is thickness of the insulating film. However, 
what attracted considerable research interest were the reports from both, the Fermin and 
the Gooding, groups claiming that an eT between a supporting metal electrode and an 
adsorbed NP is distance independent across ultra-thin self-assembled monolayers 
(SAMs). The Fermin group further showed that a few % NP coverage is enough to 
efficiently promote eT recovery.  
 What followed in the next few years, was worldwide experimental efforts aiming 
to explain the observed phenomenon. An explanation was finally provided in 2010 by  
Chazalviel’s and Allongue’s theoretical publication.35 The key point of this publication 
was that an eT between two metallic phases, under an applied potential difference, is 
much easier than eT between a metal and a dilute redox species in solution. Chazalviel 
and Allongue proved this point by calculating potential/current density relations for a 
metal modified with a SAM layer in the absence and presence of a metal overlayer 
(metal/SAM and metal/SAM/metal, respectively).  
In the case of a metal/SAM interface, the potential/current density relation can be 
represented as Equation 1.2.35 
10 
 
V = sinh-1(                 (1.2) 
In this equation, V is overpotential, kB is Boltzmann’s constant, T is the absolute 
temperature, q is the elementary charge, J is the current density, J0 is the current density 
at metal/SAM, β is an attenuation factor, and d is the thickness of the organic layer. For 
the alkyl chains used for these calculations, β ∼1Å-1.35 Furthermore, assuming that the 
SAM is composed of an alkyl chain having 10 carbons, d is on the order of 10-6, meaning 
that the exchange current density is on the order of 10-100 nA/cm2.35 Therefore, 
obtaining current densities larger than just a few μA/cm2 would require large 
overpotentials. This explains the experimentally observed flattening of current once 
SAMs are deposited atop a metal electrode. 
 On the other hand, in case of a metal/SAM/metal construct there are going to be 
two contributors to the potential, the electrochemical interface and the potential drop 
across the insulating layer (Equation 1.3):35 
V = sinh-1(                       (1.3) 
where, J1 is the current density across metal/SAM/metal construct.  is usually ~10
10 
A/cm2,35 meaning that  is much larger than J and that value of the second term 
(the potential drop across the insulating layer) in Equation 1.3 is very small. Therefore, 
any potential applied to a metal/SAM/metal electrode appears almost completely at the 
top of the construct; that is, at the NP surface. So, distance-independent eT is observed 
until conditions of Equation 1.3 fail. These conditions will fail with very thick insulating 
layers or very small NPs (~1 nm). However, the NP requirements holds only for very 
monodisperse NPs, and just a few NPs with diameter above 1 nm would be enough to 




OXYGEN REDUCTION REACTION (ORR) 
The oxygen reduction reaction (ORR)36–38 is of central importance in energy 
conversion systems such as fuel cells. The focus of this research is on the ORR in 
aqueous solutions where the ORR occurs via one of the two main pathways: the 4-
electron transfer to directly produce H2O (Equation 1.4)
37: 
O2 + 4e
- + 4H+ ↔ 2H2O  E
0 = 1.23 vs SHE       (1.4) 
or the 2-electron transfer to produce H2O2 (Equation 1.5)
37: 
O2 + 2e
- + 2H+ ↔ H2O2  E
0 = 0.70 vs SHE       (1.5) 
However, the H2O2 resulting from Equation 1.5 may be further reduced to H2O via an 
additional 2-electron transfer (Equation 1.6)37: 
 H2O2 + 2e
- + 2H+ ↔ 2H2O  E
0 = 1.77 vs SHE       (1.6) 
The ORR usually proceeds as a combination of the 4-electron and the 2-electron 
processes. Hence, there is always some H2O2 produced and the number of electrons 
exchanged during the ORR (neff) is usually less than 4.   
 The ORR is an electrochemical reaction occurring at the cathode of proton 
exchange membrane (PEM) fuel cells. However, this reaction is very sluggish on its own 
and it requires a catalyst. At the current stage of technology, Pt-based catalysts are still 
the best option available.36 However, even when an all-Pt catalyst is used H2O2 still 
makes ~2% of the overall products36 (neff ~3.9) and the onset potential is ~0.3 – 0.4 V 
below the reversible thermodynamic potential (1.23 V vs SHE).7 Therefore, high loadings 
of this very expensive and scarce metal are usually required to reach practical current 
densities.39 Correspondingly, there has been a lot of research focusing on development of 
alternative catalysts, either by incorporating non-precious metals into Pt nanostructures or 




STRONG METAL SUPPORT INTERACTIONS (SMSI) 
Although as early as in 1930s G.M. Schwab used the term “electronic factor” to 
explain experimentally observed catalytic behavior of supported catalysts,4 strong metal 
support interactions (SMSI)2,4,40,41 are usually dated back to S. J. Tauster in 1978 when he 
introduced the term to describe changes in catalytic behavior of group 8 metals supported 
on reducible metal-oxides.42 Today, the definition of the SMSI is extended to include any 
effects that a support exerts on a metal catalyst during synthesis, heating, or a catalytic 
reaction.  
Extensive experimental efforts have been applied in heterogeneous gas-phase 
catalysis toward understanding SMSI. However, the amount of research geared toward 
understanding the importance of these types of interactions in electrocatalysis has been 
significantly lower. Studying the role of SMSI in electrocatalytic reactions is more 
complicated for two main reasons: (i) it is very difficult to synthesize and efficiently 
characterize catalytic systems that exhibit SMSIs at the electrochemical interface; (ii) 
first-principle theory modeling of catalytic constructs and interpretation of catalytic 
results is far more challenging in condensed phase.  
However, even from the limited studies that have been done on this topic, it is 
clear that supports may strongly influence intrinsic activity and selectivity of a supported 
catalyst. Although, SMSI are complex and still not well understood, reducible supports 
often affect the overlaying metal NPs a few main ways: (i) charge can be exchanged 
between a support and the overlying NPs affecting the catalyst electronic properties, (ii) 
supports can cause changes in the shape and structure of the NPs, (iii) support can 
13 
 
participate in a catalytic reaction by providing additional reaction sites or by stabilizing 
reaction intermediates. Although these are the most important factors governing SMSIs, 
they by no means entail the whole range of SMSIs. It is still not clear which support 
effects are most important and the effects of a reducible support on a metal NPs still 
cannot be accurately predicted. Therefore, further studies are necessary to understand 




Chapter 2:  Experimental 
CHEMICALS  
All chemicals were used as received. These include 1,1’-ferrocenedimethanol 
(Fc(MeOH)2, 98%, Acros Organics, NY), 1-decanethiol (96%, Alfa Aesar),  HClO4 
(+70%, ultrapure grade, J. T. Baker), NaOH (Fischer Scientific), and NaBH4 (99.99% 
trace metals basis, Sigma Aldrich). The following were obtained from Sigma-Aldrich: 
AgNO3 (99%), CH2Cl2, CuSO4, NaBH4, H2SO4 (+98%, trace metal grade), and K2PtCl4.  
Trimethylaluminum (TMA) for ALD was obtained in sealed stainless-steel 
canisters from Sigma-Aldrich, while the tetrakis(dimethylamino) tin(IV) (99%, (99.99%-
Sn)) (TDMASn) for ALD was obtained in a sealed stainless-steel canister from STREM 
Chemicals. High-purity (99.9999%) N2 for ALD, high-purity (99.9999%) O2 for ALD 
and UV/O3 system, and a mixed 5% H2/95% N2 gas for pyrolysis of photoresists were 
purchased from Praxair (Austin, TX). 
Quartz slides were purchased from Technical Glass Products (Painesville Twp, 
OH). AZ 1518 photoresist and AZ 400K developer (pre-diluted 1:4) were purchased from 
Integrated Micro Materials (Argyle, TX). Acrylic sheets and silicone gaskets were 
purchased from McMaster Carr (Atlanta, GA). NanoPorts and fluidic connections were 
purchased from Idex Health and Science (Oak Harbor, WA). 
G6-OH and G6-NH2 dendrimers were purchased as a 10-25% methanol solution 
from Dendritech, Inc. (Midland, MI). Prior to use, the methanol was removed under 
vacuum. National Exposure Research Laboratory (NERL) reagent-grade water from 




FABRICATION OF PYROLYZED PHOTORESIST FILM (PPF) ELECTRODES 
Prior to photoresist deposition, quartz slides were cleaned sequentially in acetone, 
ethanol, and DI water for 10 min each. Next, the slides were rinsed under running DI 
water for 1 min and then heated at 200 °C for 15 min. After cooling to room temperature 
(24 ± 1 °C), positive-tone AZ 1518 photoresist was spin-coated onto the slides for 10 s at 
500 rpm, 45 s at 3500 rpm, and for 5 s at 500 rpm. Finally, the slides were soft baked for 
1 min at 100 °C and left to cool to room temperature. The last two steps were repeated a 
second time.  
The photoresist-coated quartz slides were patterned by exposure to UV light 
through a photomask. Next, AZ 400 K developer, diluted to 25% (v/v) with DI water, 
was used to develop the exposed photoresist. Finally, the photoresist was pyrolyzed in a 
quartz tube furnace under a constant flow (100 sccm) of forming gas (5% H2/95% N2). 
The furnace temperature was increased from 25 °C to 1000 °C at 5 °C/min, held at 1000 
°C for 1 h, and then cooled to 25 °C. The resulting PPF slide was then diced into 
individual electrodes using a diamond-tipped pen. The individual PPF electrodes were 
gently rinsed with NERL water and dried under flowing N2.  
DEPOSITION OF AL2O3, SNO1.7, AND SNO2.0 FILMS ONTO PPF ELECTRODES 
Al2O3. Atomic layer deposition (ALD) was performed using a Savannah S100 
Cambridge NanoTech ALD system (Ultratech, San Jose, CA). TMA was used as the Al 
source and O3 as the oxygen source (neither reagent was heated). The ALD system was 
evacuated to <1 mmHg, and the patterned PPF substrates were heated to 150 °C for 4 min 
under a constant flow (20 sccm) of high-purity N2. Next, the substrates were exposed to 
10 cycles of O3, each 15 ms long. Finally, each ALD cycle was carried out as follows: (1) 
a single 15 ms pulse of TMA, (2) a 20 s purge of N2, (3) a 15 ms pulse of O3, and (4) a 15 
16 
 
s purge of N2. These four steps were repeated until the desired number of cycles had been 
achieved. 
SnOx (x = 1.7 or 2.0). TDMASn, heated to 60°C, used as the Sn source and H2O 
as the oxygen source. The ALD system was evacuated to <1 mmHg, and a patterned PPF 
substrate was heated to 150 °C for 20 min under a constant flow (20 sccm) of high-purity 
N2. Each ALD cycle was carried out as follows: (1) a single 0.015 s pulse of H2O, (2) a 
30 s purge of N2, (3) a 0.5 s pulse of TDMASn, and (4) a 30 s purge of N2. These four 
steps were repeated until the desired number of cycles had been achieved. This ALD 
procedure results in formation of SnO1.7 films. The SnO2.0 films were achieved by heating 
the SnO1.7 films at 150°C for 60 min under a constant flow of oxygen (150 sccm).  
SYNTHESIS OF PT DENS 
Pt DENs were synthesized using a previously published procedure18 based upon 
galvanic exchange. Specifically, 1.0 mL of 100.0 μM sixth-generation, hydroxyl-
terminated (G6-OH) poly(amidoamine) (PAMAM) dendrimers was diluted in 8.68 mL of 
DI water. Next, 55 equiv of 20.0 mM CuSO4 were pipetted into the G6-OH solution. The 
solution was sealed and stirred under N2 for 15 min. Next, a 5-fold molar excess of an 
aqueous 1.0 M NaBH4 solution was added dropwise under N2 to reduce intradendrimer 
Cu2
+ to CuNPs. The reduction was carried for 45 min, and then the pH of the resulting 
G6-OH(Cu55) DENs was adjusted to 3.0 using 1.0 M HClO4. Finally, sufficient aqueous 
10.0 mM PtCl4
2− (Pt2+:Cu = 1:1) was added dropwise (under N2) to initiate galvanic 
exchange. The solution was sealed and left to stir for 60 min under N2. The Pt DENs 
were immobilized atop PPF/Al2O3 electrodes by immersing the latter in the Pt DENs 
solution (pH 3.0) for 30 min. After 30 min, the electrodes were rinsed under a gentle flow 
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of NERL reagent-grade water and dried under low-pressure N2. The newly formed 
PPF/Al2O3/G6-OH(Pt55) electrodes were left to dry for at least 90 min prior to use. 
CHARACTERIZATION OF AU AND PT DENS  
Transmission Electron Microscopy (TEM) and Scanning Transmission Electron 
Microscopy (STEM) images were obtained using a JEOL-2010F transmission electron 
microscope having a point-to-point resolution of 0.19 nm. 2.0 μL of the G6-OH(Pt55) or 
G6-NH2(Au147) solution was pipetted onto a lacey-carbon-over-Ni TEM grid (Electron 
Microscopy Sciences, Hatfield, PA). The samples were allowed to air-dry on the grid 
overnight prior to analysis. 
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Chapter 3:  Electron Transfer Facilitated by Dendrimer-Encapsulated 
Pt Nanoparticles Across Ultrathin, Insulating Oxide Films1 
INTRODUCTION 
In this chapter we report that fully passivating, ultrathin (2.5 nm thick) Al2O3 
layers can be deposited onto carbon electrodes via atomic layer deposition (ALD). More 
importantly, however, subsequent adsorption of Pt dendrimer-encapsulated nanoparticles 
(DENs)11,17,43,44 onto the oxide surface leads to an electrocatalytically active interface 
(Illustration 3.1). These results are important, because they provide a general approach 
for studying electrocatalytic reactions on nonconductive oxide surfaces. 
 
 
                                                 
1 Ostojic, N.; Thorpe, J. H.; Crooks, R. M. Electron Transfer Facilitated by Dendrimer-
Encapsulated Pt Nanoparticles Across Ultrathin, Insulating Oxide Films. JACS 2016, 138, 6829–
6837.   
I was the primary author on this publication. J. H. Thorpe helped with data collection. Dr. R. M. 




Illustration 3.1: Schematic illustration of eT across PPF/Al2O3 (top) and PPF/Al2O3/G6-
OH(Pt55) (bottom) electrodes.  
The dendrimer-templating method was first introduced by our group in 1998,19 
and since then it has been extensively used for synthesizing a broad range of 
nanoparticles (NPs).11,19,20,43 DENs are prepared by combining dendrimers and metal ions 
in fixed stoichiometric ratios, and then adding a reducing reagent to convert the metal 
ions to atoms. The atoms agglomerate within the dendrimer leading to particles in the 
size range of ∼0.5−2.2 nm. This is the important size range over which the catalytic 
properties of metals change quickly and in interesting ways.2,45 Indeed, DENs are 
especially useful for understanding electrocatalytic reactions because they are well-
defined in size, structure, and composition, and this in turn provides a means to establish 
structure−function relationships.17,43,46–50 For the present study, the dendrimer host also 
provides important functions: stabilizing the DENs against aggregation and immobilizing 
them on the electrode surface via specific interactions with the oxide.  
Although structurally not as well-defined as DENs, metal oxides deposited via 
ALD are the best option available for our planned electrocatalysis studies. Because it is 
electrically insulating and has a low dielectric constant, we51 and others52–54 have used 
Al2O3 for the purposes of hindering charge-transfer between an electrode and redox 
molecules in solution.51 For example, we reported that Al2O3 films thicker than ~3.5 nm 
fully passivate electron transfer (eT) between underlying pyrolyzed polymer film (PPF) 
electrodes55,56 and solution-phase ferrocenemethanol (FcMeOH).51 Subsequently, Rose 
and coworkers reported that ALD-deposited Al2O3 films ~5 nm thick can 
electrochemically passivate an underlying Si(111) electrode.52  
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The other important precedents for our findings relate to NP-mediated eT across 
insulating layers. Although first reported by Natan and coworkers29,57 and then more 
thoroughly studied by Schiffrin and coworkers,58–60 the interest in NP-mediated eT across 
ultra-thin organic insulating layers picked up momentum in 2008 and 2009 when 
Fermin30–32,61,62 and Gooding33,63 independently reported that this type of eT is 
independent of insulating film thickness.34 In these early publications, both groups used 
adsorbed AuNPs to switch on faradaic eT reactions following passivation of an electrode 
with self-assembled monolayers.64 Over the past several years these results have been 
reproduced using different types of NPs (e.g., metals,7,52,65–67 graphene,68,69 
nanotubes,70,71 and quantum dots32,72) and electrodes (e.g., Au,30–33 Pt,60 carbon,63 TiO2,
65 
and Si).34 
The foregoing experimental observations raised questions about the underlying 
cause of this emergent phenomenon, and in 2010, Chazalviel and Allongue developed a 
theoretical model that described the principles of NP-mediated eT. They proposed that 
the potential across an electrode modified with an insulating layer decreases 
exponentially as a function of the insulating layer thickness.35 Once NPs are deposited 
atop ultra-thin insulating layers, however, the applied potential develops primarily at the 
interface between the metal NPs and electrolyte.32,35,52,65,73 As a result, distance-
independent eT recovery is observed as long as the exchange current density across the 
insulating layer in the metal/insulator/metal NP system is much higher than the current 
density at a metal/insulating layer system.31,32,35 This means that charging of NPs by a 
redox molecule, rather than eT between an electrode and NPs, is the rate limiting step in 
such processes.35  
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Our principle interest in this type of system is in understanding how reactions 
electrocatalyzed by metal NPs are affected by the presence of oxide surfaces. Due to the 
insulating nature of most oxides, there have only been a few reports of electrocatalysis on 
these types of surfaces. For example, Swider-Lyons and coworkers showed that PtNPs 
supported on metal oxides or metal phosphates lead to enhanced electrocatalytic activity 
for the ORR.6,74 Although the mechanism of this reaction is unknown, the authors 
hypothesized that oxides can affect the electronic states of the Pt which in turn can lead to 
preferential adsorption of OH on the oxide (relative to the Pt surface).6 Similarly, 
Ramaker and coworkers reported that if PtNPs are supported on tantalum oxide or 
tantalum oxyphosphate on Vulcan carbon, the presence of phosphates and oxides can 
lead to a higher proton concentration on PtNPs. This in turn results in improved 
electrocatalytic activity of Pt for the ORR.75  
Interestingly, increased electroactivity can also be achieved by inverting 
metal/insulator/metal structures. For example, Adzic and coworkers reported that 
deposition of SnO2 NPs onto polycrystalline Pt electrodes (SnO2/pc-Pt) resulted in up to a 
40-fold enhancement in current for the methanol oxidation reaction (MOR) compared to 
naked Pt electrodes.76 Additionally, the MOR activity was found to be strongly dependent 
on the number of available SnO2/Pt contact sites and to decrease as the size of the SnO2 
NPs increased. They interpreted these results in terms of a co-catalytic mechanism in 
which the reaction occurs at the contact line between Pt and the SnO2 NPs. Moreover, the 
relationship between NP size and activity was thought to be a consequence of the 
formation of reduced Sn(II)O and the structural flexibility of the smaller SnO2 NPs that 
resulted in correspondingly weaker binding of OH species.76 The same group also 
observed that deposition of SnO2 nanoislands onto Pt(111) resulted in enhanced 
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electrochemical activity for the ethanol oxidation reaction (EOR).67 This is because of 
strong interactions between SnO2 and H2O, which lead to spontaneous cleavage of O-H 
bonds. The authors also reported that the EOR activity strongly depended on the surface 
SnO2 concentration, thereby confirming the co-catalytic effect at the oxide-metal 
interface.   
In the remainder of this chapter we will show that pinhole-free, electrochemically 
passivating Al2O3 films can be deposited onto PPF electrodes. When DENs containing an 
average of only 55 atoms each, are deposited onto ~15% of the Al2O3 surface, eT 
between the underlying PPF electrode and solution-phase ferrocenedimethanol 
(Fc(MeOH)2) is recovered. This facilitated eT is insensitive to the thickness of the ALD 
oxide layers up to ~3.5 nm, but partial current recovery is still observed for films up to 
5.7 nm thick. Even more interestingly, DENs containing an average of 55 Pt atoms 
confined to Al2O3 thin films (PPF/Al2O3/G6-OH(Pt55)), where G6-OH represents sixth-
generation, hydroxyl-terminated poly(amidoamine) (PAMAM) dendrimers), are 
electrocatalytically active for the ORR. Finally, the PPF/Al2O3/G6-OH(Pt55) constructs 
are robust, surviving up to at least 40 consecutive voltammetric scans and 10 min of 
sonication in 0.50 M H2SO4 without significant change in electrochemical activity. 
EXPERIMENTAL 
Activation of PPF Electrodes 
Prior to ALD, PPFs were plasma activated using an Oxford Instruments Plasma 
Lab 80+ PECVD and Etching system. Individual PPFs were exposed to the plasma (O2, 
22% and N2, 78%) for 30 s using the following conditions: flow rate, 50 sccm; pressure, 
0.03 mmHg; power, 11 W; and temperature, 50 °C. After the plasma treatment, PPFs 
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were loaded into the ALD chamber within 10 min. 
Surface Characterization 
X-ray photoelectron spectroscopy (XPS) was carried out using a Kratos Axis 
Ultra spectrometer (Chestnut Ridge, NY) with an Al Kα source. Samples were grounded 
using Cu tape. XPS spectra were collected using a 0.10 eV step size and a band pass 
energy of 20 eV. An electron flood gun was used to neutralize charge on all samples. 
Binding energies were calibrated against the C 1s line of PPF (284.5 eV). CasaXPS 
(version 2.3.15, Casa Software, Teignmouth, UK) was used for peak fitting and analysis. 
A mixed Gaussian/Lorentzian model was used for symmetric line-shapes, while an 
asymmetric Lorentzian model was applied for asymmetric line-shapes.  
Ellipsometric measurements were performed using a J. A. Woollam M-2000D 
spectroscopic ellipsometer (Lincoln, NE). Data were collected using five different angles 
(between 44° and 66°) for each measurement. A three-part model was used for data 
analysis. The first part was a 1.0 mm-thick layer of SiO2 (optical constants provided by 
the manufacturer). The second slab was a 500 nm-thick layer of carbon (optical constants 
obtained experimentally using a plasma-activated PPF thin film). The third part was 
Al2O3 and the optical constants of this slab were provided by the manufacturer. Thickness 
of this layer was allowed to vary. 
The surface roughnesses of the PPF and PPF/Al2O3 thin films were obtained using 
a Wyko NT9100 optical profilometer having a white light source and yielding 0.1 nm 
vertical resolution. The micro-Raman spectroscopy data were collected using a Witec 
Micro-Raman Alpha 300 spectrometer. Finally, SEM images were collected using an EI 




Electrochemical measurements were performed using CH Instruments model 
CHI700D Electrochemical Analyzer (Austin, TX). For all electrochemical experiments, a 
Hg/Hg2SO4 reference electrode (MSE, CH Instruments) and a Pt wire counter electrode 
were used. Electrochemical experiments were conducted in an electrochemical cell 
fabricated from Teflon with a Viton O-ring to define the area of the working electrode 
(12.4 mm2). To avoid poisoning the working electrode with Hg while working with the 
Taflon electrochemical cell, the reference electrode was separated from the rest of the cell 
by a glass frit. Prior to the ORR experiments, the PtNPs were electrochemically cleaned 
by reversibly scanning the electrodes 10 times between −0.65 and 0.63 V (vs 
Hg/Hg2SO4) in N2-purged 0.10 M HClO4 solution. Electrochemical measurements were 
performed in aqueous solutions containing 1.0 mM Fc(MeOH)2 and 0.10 M KNO3 or 
0.10 M HClO4 purged with either N2 or O2.  
Ag electrodeposition was performed in an aqueous solution containing 0.50 mM 
AgNO3 and 0.10 M KNO3. The potential was stepped sufficiently negative for 50.0 s to 
reduce Ag+ (−0.25 V vs Hg/ Hg2SO4). 
RESULTS AND DISCUSSION  
Characterization of PPF Electrodes 
The preparation and plasma-activation procedures used for the PPF electrodes 
were described in the Experimental Section, and therefore we focus here primarily on 
their characterization, properties, and use for electrochemical experiments.  
After fabrication, the PPF electrodes were stored in the laboratory ambient for 15 
days, which resulted in gradual surface oxidation, and then used for ALD within 24 
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h.55,56,77 This step was included to enhance the number of active sites (C-O bonds) for 
Al2O3 nucleation. The number of C-O functionalities on the PPF surfaces was further 
increased by subjecting the substrates to a plasma (O2:N2 = 22:78) immediately prior to 
ALD. Through extensive optimization studies, we found that a high density of surface 
oxygen groups is critical to the formation of ultrathin, pinhole-free Al2O3 ALD layers. 
XPS analysis was used to confirm oxygenation of the PPF electrode surfaces 
(Figure 3.1). The results show that immediately after fabrication the O 1s and C 1s peaks 
are present at 532 eV and 284.4 eV, respectively. After 15 days in the laboratory 
atmosphere, the amount of surface O increases ~1.7 times. Following 30 s of O2/N2 
plasma treatment, the surface oxygen signal increases by another factor of two. The 
additional oxygenated functionalities are observed at 286.2 eV and 288.6 eV, and we 
assign these peaks to phenolic and carboxylic carbon, respectively.78,79  
 
 
Figure 3.1 High-resolution XPS spectra of PPF electrodes in the (a) O 1s and (b) C 1s 
regions. The inset in (b) shows an expanded view of the C 1s shoulder. 
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The PPFs were also characterized using optical profilometry. At the lateral and 
vertical resolutions of the instrument (0.1 µm and 0.1 nm, respectively), the data reveal 
smooth, uniform surfaces that are free of cracks. The root-mean-square (rms) roughness, 
averaged over an area of 48 µm x 64 µm for eight different PPF electrodes was ~0.64 nm 
(Figure 3.2). This value is comparable to rms roughness values reported in the literature, 
which range from 0.2 and 0.7 nm, but these values were measured over much smaller 
areas (e.g., 0.5 µm x 0.5 µm).80–82 
 
 
Figure 3.2: Topography of a plasma-activated PPF electrode obtained using optical 
profilometry. 
Finally, micro-Raman spectroscopy was used to study the near-surface structure 
of the PPFs (Figure 3.3). The analysis revealed two Raman-active peaks.82 A peak at 
1600 cm-1 arises from the E2g mode at the Γ-point commonly observed for glassy carbon 
and other sp2 carbon systems.83,84 The A1g peak at ~1360 cm
-1 is associated with loss of 
symmetry at the boundaries of graphite sheets.82 Taken together, these results suggest that 





Figure 3.3: Micro-Raman spectrum of a PPF electrode fabricated using AZ 1518 
photoresist. 
Properties and Stability of Al2O3 ALD Films 
The procedure used to prepare the Al2O3 ALD films is provided in the 
Experimental Section. For the purposes of our experiments, their critical characteristics 
are that they have well-defined thicknesses, that they be uniform over macroscopic 
dimensions, and that they be pinhole free. 
The thicknesses of the Al2O3 films were measured using spectroscopic 
ellipsometry. The data revealed linear growth of the Al2O3 films with a growth rate of 
0.086 ± 0.005 nm/cycle (Figure 3.4). This value is consistent with the growth rate 
provided by the ALD system manufacturer for the deposition of Al2O3 onto Si(100) at 





Figure 3.4 Ellipsometric measurements of the thicknesses of Al2O3 films as a function 
of the number of ALD cycles. 
Optical profilometry revealed that the Al2O3 films are uniform and free of cracks. 
The value for the average rms roughness, determined using eight independently prepared 
PPF electrodes coated with 2.5 nm-thick Al2O3 films, was ~0.60 nm over an area of 48 
µm x 64 µm (Figure 3.5). This value is almost the same as the corresponding rms value 






Figure 3.5: Optical profilometry of a plasma-activated (30 s) PPF electrode coated with 
Al2O3 using 30 ALD cycles.  
Defects in the Al2O3 films were visualized by combining electrodeposition and 
SEM.86 This analysis was carried out as follows. First, Al2O3-modified PPF electrodes 
were immersed in a solution containing 0.50 mM AgNO3 and 0.10 M KNO3, and then the 
potential was stepped to -0.25 V for 50 s.51 Under these conditions, Ag electrodeposits 
into pinholes that might be present in the ALD film. Even subnanometer defects are 
revealed using this approach, because the presence of the pinhole, though smaller than 
the resolution of SEM, is magnified by the electrodeposited Ag islands. It is important to 
point out, however, that while this method is useful for approximating the number and 
location of defects in ALD films, it does not reflect their true size.51  
Figure 3.6 shows the result of this experiment. Figure 3.6a is an SEM micrograph 
obtained after Ag electrodeposition onto a PPF electrode coated with 30 ALD cycles of 
Al2O3 (henceforth, PPF/Al2O3(30)), but without the 30 s plasma treatment prior to ALD. 
In contrast, when the exact same fabrication steps are used to prepare the Al2O3 film, 
except using a 30 s plasma pretreatment prior to ALD, pinhole-free films result over 
macroscopic lateral dimensions (e.g., 1.0 cm x 1.2 cm, Figure 1b). Clearly, the plasma-
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Figure 3.6: SEM micrographs of Ag electrodeposited onto PPF/Al2O3(30) electrodes (a) 
without and (b) with plasma reactivation of the carbon surface for 30 s. The 
Ag was electrodeposited by holding the potential at −0.25 V (vs an 
Hg/Hg2SO4 reference electrode) for 50 s in a solution containing 0.50 mM 
AgNO3 and 0.10 M KNO3. 
The ALD films used in this study are stable in the electrochemical environment. 
For example, Figure 3.7a shows the first and fortieth cyclic voltammograms (CVs) 
obtained using a solution containing 1.0 mM Fc(MeOH)2 plus 0.1 M KNO3 and a 
PPF/Al203(30) electrode. These data were recorded at neutral pH, but the stability of 
Al2O3 under acidic conditions is also crucial, because, as discussed later, immobilization 
of G6-OH(Pt55) DENs is carried out at pH 3.0. To test the stability of the films in acid, a 
PPF/Al203(30) electrode was immersed in a pH 3.0 HClO4 solution for 30 min. Figure 
3.7b shows CVs of Fc(MeOH)2 before and after this acid treatment. Clearly changes to 





Figure 3.7: (a) First (black) and 40th (red) CVs for a PPF/Al2O3(30) electrode. (b) CVs 
for a PPF/Al2O3(30) electrode before (black) and after (red) a 30 min 
exposure of the electrode to a pH 3.0 HClO4 solution. The CVs were 
obtained in an aqueous solutions containing 1.0 mM Fc(MeOH)2 and 0.10 
M KNO3. The scan rate was 10 mVs
−1.  
Immobilization and Characterization of Pt DENs atop Al2O3-Modified PPF 
Electrodes 
Prior to immobilization atop Al2O3-modified PPF electrodes, the free G6-
OH(Pt55) DENs were characterized using UV-vis spectroscopy and STEM (Figures 3.8 
and 3.9, respectively). Focusing on the UV-vis spectroscopy first, formation of the G6-
OH(Cu2+)55 precursor is confirmed by the presence of a well-defined ligand-to-metal 
charge transfer (LMCT) band at λmax = 300 nm (top). The disappearance of this band 
following the addition of BH4
- confirms the formation of G6-OH(Cu55) DENs. After the 
addition of PtCl4
2- to the G6-OH(Cu55) solution at pH 3.0, the LMCT band is still absent, 
because interior tertiary amines of the dendrimer are protonated and unable to interact 
with Cu2+ (bottom).87 Galvanic exchange is confirmed by changing the pH of the solution 
to 7.5. In this case, the LMCT band reappears because the pH of the DEN solution is 
sufficiently high for the interior tertiary amines of the dendrimer to complex with Cu2+. 
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Furthermore, the STEM results are fully consistent with prior reports,13,15 and they 
indicate the presence of Pt55 DENs having a size of 1.3 ± 0.2 nm (Figure 3.9). 
 
  
Figure 3.8: Absorption spectra of freshly prepared G6-OH(Cu2+)55 and G6-OH(Cu55) 
DEN solutions (top spectra), and G6-OH(Pt55) DEN solutions at pH 3.0 and 
7.5 (bottom spectra). A 1.0 mm cuvette was used to obtain measurements. 
All solutions were 10 µM in G6-OH and a 10.0 µM G6-OH solution was 







Figure 3.9: STEM micrograph and particle-size distribution histogram for G6-OH(Pt55) 
DENs. The particle-size distribution is based on 150 randomly selected 
particles. 
The procedure for preparing the PPF/Al2O3/G6-OH(Pt55) layered structure was 
discussed in the Experimental Section. To confirm the presence of both the dendrimers 
and Pt on the Al2O3 surface, we carried out XPS measurements (Figure 3.10a). The N(1s) 
peak at 400.4 eV confirms the presence of the PAMAM dendrimers, while the Pt(4d3/2), 
Pt(4d5/2), Pt(4f) and Pt(4p) peaks at 332.1 eV, 315.4 eV, ~72.2 eV and 519.4 eV, 
respectively, confirm the presence of Pt. The location of the Pt(4f) peak at a little higher 
binding energy than that of bulk Pt (71.1 eV)88 is consistent with previously reported 
XPS measurements for Pt DENs and is likely a consequence of their small size and the 
presence of the dendrimers.13 The Al (2p) peak is also observed, indicating that Al2O3 is 





Figure 3.10 (a) XPS spectrum of a PPF/Al2O3(30)/G6-OH(Pt55) electrode. (b) CVs of the 
first (black) and fortieth (red) scans of a PPF/Al2O3(30)/G6-OH(Pt55) 
electrode in an Ar-purged aqueous 0.10 M HClO4 solution. The scan started 
at −0.62 V and proceeded initially in the positive direction. The scan rate 
was 100 mV/s. (c) CVs of a PPF/Al2O3(30)/G6-OH(Pt55) electrode before 
(black) and after (red) sonication in an aqueous 0.50 M H2SO4 solution for 
10 min. These CVs were obtained in an aqueous solutions containing 1.0 




The presence of Pt on the electrode surface was also confirmed electrochemically 
by obtaining CVs of a PPF/Al2O3(30)/G6-OH(Pt55) electrode in a 0.1 M aqueous HClO4 
solution. Figure 3.10b shows both the first and the fortieth CVs. The nearly identical 
appearance of these two scans demonstrates the stability of the DENs on the Al2O3 
surface. In both scans, the Pt oxidation region is observed starting at ~0.2 V, and the 
corresponding oxide reduction peak is at ~0.07 V. The characteristic hydride peaks at 
potentials <-0.4 V are also present. All of these characteristics are consistent with 
previous reports for G6-OH(Pt55) DENs immobilized directly on carbon 
electrodes.13,19,89,90 Integration of the hydride oxidation peaks, coupled with a calculation 
we have used previously to determine DEN coverage,91,92 indicate that ~15% of the 
Al2O3 surface is covered by DENs.  
To further demonstrate the structural stability of PPF/Al2O3(30)/G6-OH(Pt55) 
electrodes, CVs of Fc(MeOH)2 were obtained before and after sonication in 0.50 M 
H2SO4 for 10 min. The results (Figure 3.10c) indicate very little change arising from this 
accelerated form of stability testing. On the basis of the data shown in Figure 3.10, we 
conclude that the interaction between the dendrimer host and the Al2O3 surface is quite 
robust.  
Pt DEN-Mediated eT 
Through extensive testing, we found that Al2O3 films thicker than 2.5 nm (30 
ALD cycles) are necessary to completely passivate eT between the underlying PPF 
electrode and solution-phase Fc(MeOH)2. For example, Figure 3.11a compares the CV 
response of a bare PPF electrode and a PPF/Al2O3(30) electrode. The inset in Figure 3.11, 
which shows the potential region around Eo for Fc(MeOH)2, clearly indicates complete 
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electrode passivation. These results can be compared to the CVs shown in Figure 3.11b, 
which compare a PPF/Al2O3(30)/G6-OH(Pt55) electrode with that of a 
PPF/Al2O3(30)/G6-OH (no Pt55 DENs) electrode. The obvious result is that 
electroactivity is completely reactivated in the presence of Pt DENs. Indeed, the shape of 
two black CVs in Figure 3.11 are nearly identical. These results demonstrate that the 
observed current recovery of Fc(MeOH)2 is facilitated solely by the Pt DENs and that it is 




Figure 3.11 (a) CVs obtained at a bare PPF electrode (black) and a PPF/Al2O3(30) 
electrode (red). The inset is an expanded view of the potential region around 
E° for Fc(MeOH)2. (b) CVs obtained at a PPF/Al2O3(30)/G6-OH electrode 
(red) and a PPF/Al2O3(30)/G6-OH(Pt55) electrode (black). The solutions 
contained aqueous 1.0 mM Fc(MeOH)2 and 0.10 M KNO3. The scan rate 
was 10 mVs−1. 
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Location of Pt DENs 
We have previously shown that Pt DENs prepared by galvanic exchange are 
confined within their dendrimer hosts.15,90 It is important, however, to demonstrate that 
they remain confined following immobilization onto the Al2O3 surfaces used in this 
study. In other words, that the presence of Al2O3 does not somehow extract the Pt DENs. 
This point was addressed by performing a Pt DENs poisoning experiment that we have 
reported previously.90  
The poisoning experiment was carried out as follows. First, a PPF/Al2O3(30)/G6-
OH(Pt55) electrode was immersed in ethanol. Second, sufficient 1-decanethiol was added 
to make the solution 3.0 mM in ethanol. Third, after 20 min, the electrode was rinsed in 
ethanol and NERL reagent-grade water. Finally, a CV was obtained in an aqueous 
solution containing 1.0 mM Fc(MeOH)2 and 0.1 M KNO3. The resulting low current (red 
CV in Figure 3.12) indicates that the Pt DENs are nearly fully passivated by surface-
confined 1-decanethiol. In contrast, when the same experiment is carried out using a 
CH2Cl2 in place of ethanol the black CV obtains.   
We interpret these results as follows. Ethanol is a good solvent for PAMAM 
dendrimers, and therefore their branches are solvated allowing 1-decanethiol to pass to 
the surface of the encapsulated Pt DENs. This in turn passivates the surface of the DENs 
with 1-decanethiol and so little faradaic current due to Fc(MeOH)2 is observed. In 
contrast, CH2Cl2 is a very poor solvent for PAMAM dendrimers, and therefore their 
branches collapse onto the surface of the Pt DENs rendering them inaccessible to the 
thiol and hence not poisoned. Accordingly, when the electrode is rinsed and placed back 
in the electrolyte solution, the original (unhindered) voltammetry is observed (black CV 
in Figure 3.12). If the DENs were not confined within the dendrimers, both CVs (not just 
38 
 
the red one) in Figure 3.12 would exhibit little current.  Accordingly, these results 
confirm that the Pt DENs are present within the dendrimers and that current recovery on 
the Al2O3 surface is mediated by PtNPs encapsulated within the dendrimers and not by 
bare PtNPs.  
 
 
Figure 3.12: CVs obtained after exposure of PPF/Al2O3(30)/G6-OH(Pt55) electrodes to 1-
decanethiol in either CH2Cl2 (black) or ethanol (red) for 20 min. The 
aqueous electrolyte solution contained 1.0 mM Fc(MeOH)2 and 0.10 M 
KNO3. The scan rate was 10 mVs
−1. 
Effect of Al2O3 Thickness on Pt DEN-Mediated eT 
Figure 3.13a presents CVs obtained using PPF/Al2O3(n)/G6-OH(Pt55) electrodes, 
where n represents the number of ALD cycles used to prepare the Al2O3 layer. As 
discussed in the context of Figure 3.13, the CV of Fc(MeOH)2 corresponding to the 
PPF/Al2O3(30)/G6-OH(Pt55) electrode is nearly identical to that obtained using a bare 
PPF electrode. As the number of ALD cycles increase from 30 to 65, however, the 





Figure 3.13: (a) CVs of PPF/Al2O3(n)/G6-OH(Pt55) electrodes (n is the number of ALD 
cycles, as indicated in the legend). The aqueous electrolyte solution 
contained 1.0 mM Fc(MeOH)2 and 0.10 M KNO3. The scan rate was 10 
mVs−1. (b) Normalized maximum current density (Jox), obtained from the 
CVs in (a), as a function of the number of ALD cycles and the thickness of 
the Al2O3 ALD layers on the PPF electrodes. The value of Jox for a bare PPF 
electrode was used to normalize the currents. 
The plot shown in Figure 3.13b is a quantitative representation of the normalized 
current density (Jox), obtained from the peaks of the Fc(MeOH)2 oxidation waves shown 
in Figure 3.13a, as a function of the Al2O3 thickness and number of ALD cycles. This 
plot, along with the observation of an increase in splitting between the oxidation and 
reduction waves as n increases, suggests that a small but detectable decrease in eT rate 
occurs for an Al2O3 thickness of 3.5 nm (40 ALD cycles).  Much larger decreases are 
observed for thicknesses ≥4.3 nm (≥50 ALD cycles). In other words, for thicknesses of 
Al2O3 <3.5 nm, eT between Fc(MeOH)2 and the G6-OH(Pt55) DENs is the rate limiting 
step.34,35,63 For thicknesses >3.5 nm the eT kinetics change from thickness independent to 
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thickness dependent, suggesting that eT from the PPF electrode to G6-OH(Pt55) DENs 
becomes the limiting source of charge transfer.  
As discussed in the introduction, Chazalviel and Allongue reported a theoretical 
framework for understanding the distance dependence of eT across metal/insulator/metal-
NP systems.35 This model suggests that 55-atom DENs, which are have a diameter of 
~1.3 nm, should exhibit distance independent eT up to insulator thicknesses of ~1.6 nm. 
The distance we observe for this transition is ~3.5 nm. At present we do not understand 
the origin of this discrepancy. 
It is possible to extract the effective standard heterogeneous eT rate constant from 
the brown-colored CV shown in Figure 3.13a, which corresponds to the 
PPF/Al2O3(50)/G6-OH(Pt55) construct, using the Nicholson and Shain model
24 and a 
value for the diffusion coefficient of oxidized ferrocenedimethanol of 6.7 x 10-6 
cm2/s.93,94 The Al2O3 layer in this film is 4.3 nm thick, and we estimate standard eT rate 
constant to be 1.43 x 10-3 cm/s. This value is just a little higher than previously reported 
values for NP-reactivated eT across organic layers having thicknesses close to 4.3 
nm.32,33,63,95,96  
The ORR at a Reactivated Al2O3 Thin Film Electrode 
Our long-term interest is in developing a better understanding of electrocatalytic 
reactions in which an oxide surface participates. As a first step toward that goal, we 
examined the voltammetry of three different types of electrodes in a 0.10 M HClO4 





Figure 3.14: CVs obtained in an aqueous O2-saturated 0.10 M HClO4 solution at a bare 
PPF electrode (black), a PPF/Al2O3(30) electrode (red), and a 
PPF/Al2O3(30)/G6-OH(Pt55) electrode (blue). For comparison, the inset is a 
CV obtained at a macroscopic Pt electrode. The scan rate was 50 mV/s in all 
cases. 
Over the potential range examined (± 0.40 V), the bare PPF electrode is 
catalytically inactive for the ORR. Likewise, a PPF/Al2O3(30) electrode is also inactive. 
In contrast, the PPF/Al2O3(30)/G6-OH(Pt55) is highly active. In fact, although the peak 
current density of PPF/Al2O3(30)/G6-OH(Pt55) electrode is higher compared to a bulk Pt 
electrode, their onset potentials are nearly the same (Figure 3.14, inset). A control 
experiment was also carried out in which a PPF/Al2O3(30)/G6-OH(Pt55) electrode was 
scanned in an O2-free 0.10 M HClO4 solution. The result displayed only a small 
background current (Figure 3.15), confirming that the peak shown in Figure 3.14 














Figure 3.15: CVs obtained at PPF/Al2O3(30)/G6-OH(Pt55) electrode in aqueous solutions 
saturated with either O2 (blue) or Ar (black). The aqueous solution 
contained 0.10 M HClO4, and the scan rate was 50 mV/s. The geometric 
areas of the electrodes were 12.4 mm2.  
SUMMARY AND CONCLUSIONS  
Here we have shown that eT between a PPF electrode and Fc(MeOH)2 can be 
completely passivated by Al2O3 films as thin as 2.5 nm if the PPF electrode is plasma-
activated before ALD. One of the key findings is that deposition of 1.3 nm G6-OH(Pt55) 
DENs atop these insulating films leads to complete recovery of faradaic eT. Most 
importantly, however, the PPF/Al2O3/G6-OH(Pt55) electrodes are stable and active for 
electrocatalytic reactions, in this case the ORR.  
The PPF/Al2O3/G6-OH(Pt55) system is unique, because it permits the study of 
electrocatalytic reactions in the presence and absence of NP/support interactions. That is, 
the DENs in this model system are not in a direct contact with the Al2O3 support. 
Therefore, support effects do not manifest themselves when DENs are used for studying 
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electrocatalytic reactions. If, however, the dendrimers can be cleanly removed without 
passivating or aggregating the encapsulated PtNPs, then it will be possible to directly 
examine the effect of the PtNP/oxide-support interaction on electrocatalytic reactions. 
Ongoing studies suggest that it is indeed possible to remove the dendrimer, and the 
results of these experiments, as well as the outcome of more complex electrocatalytic 




Chapter 4:  Electrocatalytic Reduction of Oxygen on Platinum 
Nanoparticles in the Presence and Absence of Interactions with the 
Electrode Surface2 
INTRODUCTION 
In this chapter, we report a method for cleanly removing dendrimers from 
surface-confined dendrimer-encapsulated Pt nanoparticles (Pt DENs)11,17,19,43,44,46,97–99 
without measurably changing their size or shape (Illustration 4.1). The results of this 
study are important for two reasons. First, they lead to a general means for preparing 
highly monodisperse, stabilizer-free mono- and bimetallic nanoparticles (NP) in the 0.5-
3.0 nm size range. Second, and more specifically, we are now in a position to begin 
answering fundamental questions about how the presence of a dendrimer affects the 
catalytic properties of DENs.100 Accordingly, we begin this set of studies by discussing 
how the dendrimer affects the oxygen reduction reaction (ORR) electrocatalyzed by 
PtNPs in the presence and absence of dendrimers. 
 
                                                 
2 Ostojic, N.; Crooks, R. M. Electrocatalytic Reduction of Oxygen on Platinum Nanoparticles in 
the Presence and Absence of Interactions with the Electrode Surface. Langmuir 2016, 32, 9727–
9735. 





Illustration 4.1: Schematic representation of G6-OH dendrimer removal from G6-
OH(Pt55) immobilized atop a PPF/Al2O3 electrode.  
First synthesized by Vogtle and coworkers in 1978,101 dendrimers are branched, 
spherical macromolecules widely used to encapsulate objects ranging from NPs to 
drugs.10,102–105 Poly(amidoamine) (PAMAM) dendrimers are a dendrimer subclass that 
consists of an alkyl-diamine core, amidoamine branches, and a vast range of peripheral 
functionalities (Scheme 1).10 The size of PAMAM dendrimers depends on the number of 
reaction cycles carried out during the synthesis.10 For example, seven iterations of 
Michael addition followed by amidation yields a sixth-generation (G6) dendrimer having 
a calculated diameter of ~6.7 nm.12,106 DENs are usually prepared in PAMAM 
dendrimers in two steps. First, the dendrimers are mixed with metal ions, which partition 
into the dendrimer interior. The stoichiometric ratio between the dendrimer and the metal 
ions determines the final size of the encapsulated NP. Second, a strong reducing agent, 
such as BH4
-, is added to the solution. This results in reduction of the ions and subsequent 
intradendrimer agglomeration of the resulting metal atoms.11,15  
DENs usually have diameters between ~0.5-2.2 nm,19 but they can be 
smaller107,108 or larger. In addition to acting as templates, dendrimers are also stabilizers 
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that prevent aggregation of DENs in solution. Unlike most stabilizers, however, 
dendrimers do not passivate the surface of their encapsulated NPs. This means that DENs 
are good models for studying homogeneous and heterogeneous catalytic reactions in a 
broad range of solvents.109–111 However, in the absence of a good solvent, like water or 
methanol, or in the gas phase, dendrimers collapse around the NPs rendering them 
inactive.19,90,112–116 Under these conditions, therefore, the presence of the dendrimer 
renders the templated NPs catalytically inactive. Another consequence of the presence of 
the dendrimer is that immobilized DENs are not in direct contact with the support 
material (Scheme 1a), for example an electrode. For fundamental NP catalysis studies in 
which experimental results are compared to first-principles calculations this is good, 
because it removes the complexity of NP-support interactions from the theoretical 
description of the system.8,9,46,87,98,117–120 Now, however, we are ready to begin including 
this additional level of complexity into our research, and therefore it has become 
necessary to find a way to remove the dendrimers from the DENs so that the metal is in 
direct contact with the substrate (Scheme 4.1b).  
 As will be discussed in more detail later, we have found that UV/O3 is 
effective for cleanly eliminating dendrimers from DENs. Before settling on UV/O3, we 
also considered plasmas and heat treatments. Previous studies suggested, however, that 
these methods generally lead to irreversible changes in NP size, shape, and 
distribution.44,121–123 In contrast, UV/O3 has previously been used to decompose solution-
phase dendrimers and other organic capping agents with and without encapsulated 
NPs.121,124,125 For example, Rosal and coworkers recently reported that G3 amine-
terminated PAMAM dendrimers are completely decomposed by O3 within 1 min.
124 The 
authors explained that decomposition arises from oxidation of dendritic amines, which 
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results in highly oxidized fragments. Similarly, Somorjai and coworkers studied the 
decomposition of G4 hydroxyl-terminated PAMAM dendrimers (G4-OH) with and 
without encapsulated Pt and Rh NPs. This study showed that after 6 h of the UV/O3 
exposure, ~60% of the overall dendrimer structure was destroyed.125 The same group also 
used the UV/O3 technique for removal of poly(vinylpyrrolidone) and tetradecyl 
tributylammonium bromide capping agents from PtNPs.121 In this study, the TEM data 
indicated that after 2 h of the UV/O3 treatment the PtNPs retained their original size and 
shape.  
As mentioned earlier, we are interested in studying how supports cooperate with 
metal nanoparticles to catalyze electrochemical reactions like the ORR. There have been 
a few key studies in this regard that predate our own interest. For example, it has been 
shown that direct interactions between metal NPs and metal-oxide or metal-phosphate 
supports enhance electrocatalytic activity for the ORR.6,7,74,75,126 Specifically, Alonso-
Vante and co-workers showed that PtNPs supported on a titanium dioxide (TiO2)-
modified carbon support (C/TiO2/Pt) exhibit higher electrocatalytic activity for the ORR 
compared to the same PtNPs deposited directly onto a carbon support (C/Pt).126 The XPS 
analysis of the two electrocatalysts revealed that the effect of TiO2 on PtNPs is the result 
of a superposition of charge transfer and lattice strain. Adzic and co-workers 
demonstrated that Pt supported on a NbO2-modified C support (C/NbO2/Pt) experiences 
suppressed oxidation compared to Pt supported on carbon support (C/Pt) due to lateral 
repulsion between PtOH and oxide species from NbO2.
7 They showed that this in turn 
results in three times higher Pt mass activity for the ORR compared to the commercial 
C/Pt electrocalayst. The Adzic group has also studied metal NP/support interactions for 
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electrooxidation of alcohols, and these reactions are also accelerated by the presence of 
appropriate supports.67,76,127–129   
In the remainder of this chapter we will show that UV/O3 treatment can be used to 
remove G6-OH immobilized on pyrolyzed photoresist film (PPF) supports (electrodes) in 
the presence of DENs. Importantly, the original size and shape of Pt DENs are conserved 
after dendrimer removal. The UV/O3 treatment oxidizes ~10% of the surface of 
encapsulated PtNPs, but it is possible to remove this oxide electrochemically. More 
interestingly, we find that the Pt DEN-modified PPF electrodes are slightly more active 
for the ORR in the absence of the dendrimer.  
EXPERIMENTAL SECTION 
UV/O3 Treatment 
Individual PPF/G6-OH(Pt55) electrodes were placed in the middle of the UV/O3 
chamber (PSD-UV4 withOES1000D, Novascan Technologies, Ames, IA) and treated for 
2.25 h using the following protocol, which we found to be critical for maximum 
dendrimer decomposition and minimal PtNP surface oxidation. First, the vacuum was 
turned on and an external supply of O2 was introduced into the chamber at 517.1 mmHg 
for 10 min. Second, the O2 flow was stopped and the UV lamp was turned on for 5 min. 
After turning off the UV lamp, the chamber was purged with O2 for 3 min. This step was 
repeated two additional times. Third, the O2 flow was stopped and the UV lamp was 
turned on for 15 min. The UV lamp was then turned off, and the chamber was purged 
with O2 for 2 min. Fourth, the O2 flow was stopped and the UV lamp was turned on for 
30 min. After 30 min, the UV lamp was turned off and the chamber was purged with O2 
for 2 min. This step was repeated twice, and then the O2 flow was stopped and the UV 
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lamp was turned on for an additional 45 min. At this point the substrate was removed 
from the UV/O3 chamber and used within 30 min.   
X-ray Photoelectron Spectroscopy (XPS) 
XPS samples were prepared by immobilizing Pt DENs atop PPF electrodes as 
previously described in Chapter 2. XPS was carried out using a Kratos Axis Ultra 
spectrometer (Chestnut Ridge, NY) having an Al Kα source. Samples were grounded 
using metal holders. Careful placement of the PPF/G6-OH(Pt55) electrode made it 
possible to characterize the same location before and after UV/O3 treatment. This was 
necessary because the G6-OH(Pt55) sample did not dry uniformly after dropping onto the 
PPF support. XPS spectra were collected using a 0.10 eV step size and a bandpass energy 
of 20 eV. An electron flood gun was used to neutralize charge on the samples. Binding 
energies were calibrated against the C 1s line of PPF (285.0 eV).88 CasaXPS (version 
2.3.15, Casa Software, Teignmouth, UK) was used for peak fitting and analysis. A mixed 
Gaussian/Lorentzian model was used for symmetric line-shapes, while an asymmetric 
Lorentzian model was applied for asymmetric line shapes. 
RESULTS AND DISCUSSION 
Effect of UV/O3 on PPF Substrates 
The UV source used for the UV/O3 treatment emits at 184.9 nm and 253.7 nm.
121 
Oxygen absorbs at 184.9 nm to yield O3. Subsequently, O3 absorbs at 253.7 nm and 
decomposes to form atomic oxygen.130 Atomic oxygen is a strong oxidant, which reacts 
with organics to yield volatile substances including CO2, N2, and H2O.
121,130,131   
In the present study, we used XPS extensively to study the effect of UV/O3 on 
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dendrimer decomposition. Reliable conclusions, however, require careful control 
experiments so this investigation began with a study of the effects of UV/O3 on naked 
PPF electrodes. The fabrication of the PPF electrodes and the protocol for UV/O3 
treatment are provided in the Experimental Section, but it amounts to a 2.25 h exposure.  
Prior to UV/O3 (Figure 4.1a), the C 1s region of the XPS spectrum of a naked PPF 
electrode consists of a single peak at 285.0 eV. This corresponds to the C-C bonds of the 
PPF substrate.51,112 Following UV/O3 exposure, however, the intensity of this peak 
decreases and two new oxidation products, corresponding to phenolic and carboxylic 
carbon,51,112,132 are observed at 287.0 and 289.2 eV, respectively (Figure 4.1b). High-
resolution analysis of the O 1s region confirms oxidation of the PPF surface, with the 
intensity of the surface oxygen peak increasing by a factor of 3 (Figure 4.2). No nitrogen 





Figure 4.1: High-resolution XPS spectra in the C 1s region for a PPF electrode before 
(a) and after (b) UV/O3 treatment. High-resolution XPS C 1s region of a 
PPF/G6-OH(Pt55) electrode before (c) and after (d) UV/O3 treatment. High-
resolution XPS N 1s region of a PPF/G6-OH(Pt55) electrode before (e) and 





Figure 4.2: High-resolution XPS O 1s spectra of a PPF/G6-OH(Pt55) electrode before 
(blue) and after (green) UV/O3 treatment. 
In addition to the XPS analysis, the effect of UV/O3 treatment on the PPF 
electrodes was also examined by SEM (Figure 4.3). Prior to UV/O3 treatment, the surface 
of PPF electrodes is remarkably smooth and uniform.51,112 Importantly, there are no 
discernible changes to the morphology of the PPF surface after exposure. 
 
 
Figure 4.3: SEM micrographs of a PPF electrode (a) before and (b) after UV/O3 
treatment. Dust particles on the surface were used to focus the microscope. 
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Effect of UV/O3 on G6-OH Dendrimers  
We also used XPS to examine the effect of UV/O3 on Pt DEN-modified PPF 
surfaces (PPF/G6-OH(Pt55)). Before exposure, the C 1s spectrum can be deconvoluted 
into four peaks (Figure 4.1c). The green colored peak at the lowest binding energy (BE) 
(285.0 eV) arises from the underlying PPF support, indicating that the PPF electrode is 
not completely covered by the Pt DENs.133 The red peak at 285.6 eV corresponds to 
aliphatic carbons of the dendrimer, and the blue peak at 286.3 eV is due to the C−OH, 
C−N(amine), and C−N(amide) functionalities of the dendrimer. The final peak 
(turquoise) at the highest BE (288.0 eV) can be fit to the carbonyl carbons of the 
dendrimer.122 
After the UV/O3 treatment, changes in all four carbon regions are observed. 
Specifically, the green peak at 285.0 eV, corresponding to the underlying PPF electrode, 
becomes dominant after the dendrimers are removed from the PPF surface. The red and 
blue peaks that were previously observed separately coalesce in a single peak (purple) at 
286.4 eV. The dark red peak at 287.2 eV and the orange peak at 289.2 eV can be assigned 
to phenolic and carboxylic carbon, respectively. As discussed earlier, these peaks arise 
from the oxidation of the underlying PPF support. Finally, the turquoise carbonyl peak of 
the dendrimer is still observed at ∼288.0 eV, but at a much lower intensity than before 
UV/O3 exposure. Comparison of the intensities of dendrimer C 1s peaks before and after 
UV/O3 treatment, indicates that only ∼8% of the overall dendrimer C signal remains after 










C 1s C-C bonds  
(PPF substrate) 
285.0 1662.6 16.9 
C 1s Aliphatic   285.6 1366.0 14 
C 1s Hydroxyl, Amine, and 
Amide 
286.3 3261.8 33 
C 1s Carbonyl  288.0 1633.1 17 
N 1s Amines 399.7 2180.1 12 
N 1s Amides 400.6 646.8 3.6 
N 1s Protonated Amines 401.9 556.7 3.1 
Pt 4f Metallic 
 (Pt 4f7/2) 
72.0 401.9 0.26 
Pt 4f Metallic 
 (Pt 4f5/2) 
75.2 192.5 0.13 
Table 4.1: Summary of XPS Peak Assignments, Positions, Areas, and Concentrations 












C 1s C-C  
(PPF substrate) 
285.0 9304.5 84 
C 1s Aliphatic, Hydroxyl, 
Amine, and Amide  
286.4 336.1 3.0 
C 1s Phenolic  287.2 242.2 2.1 
C 1s Carbonyl  288.0 264.3 2.3 
C 1s Carboxylic  289.2 389.6 3.5 
N 1s Amines 399.7 242.2 2.1 
N 1s Amides 401.5 352.3 1.7 
N 1s Protonated Amines 404.3 112.1 0.50 
Pt 4f Metallic 
(Pt 4f7/2) 
72.2 839.4 0.48 
Pt 4f Hydroxide  72.9 92.6 0.050 
Pt 4f Metallic 
(Pt 4f5/2) 
75.4 403.3 0.23 
Pt 4f Hydroxide  76.2 50.6 0.030 
Pt 4f Oxide  79.0 19.0 0.010 
Table 4.2: Summary of XPS Peak Assignments, Positions, Areas, and Concentrations 
for a PPF/G6-OH(Pt55) Electrode after UV/O3 Treatment. 
The N 1s spectrum of the PPF/G6-OH(Pt55) electrode (Figure 4.1e) consists of 
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three peaks. The highest one (blue) is at 399.7 eV and is assigned to amine nitrogens, 
while the red peak (400.6 eV) corresponds to amide nitrogens.122 The final peak, 
observed at 401.9 eV (turquoise), arises from protonated amines.15 Recall that the DEN-
modified substrates were prepared at pH 3.0, so it is reasonable to find this species 
present. Nevertheless, the identity of this peak was confirmed by immobilizing G6-OH 
dendrimers at four different pH values (9.0, 7.5, 5.0, 3.0) on PPF electrodes, and then 
analyzing the resulting samples using XPS (Figure 4.4). The spectra reveal that at pH 
values of 9.0 and 7.5 only two nitrogen peaks are observed, corresponding to amine and 
amide groups. As the pH value is lowered to 5.0, however, a new peak slowly emerges at 
higher BE. It becomes pronounced at pH 3.0, and hence our assignment to protonated 
amines.15 The experimentally determined amide:amine nitrogen ratio is 1:3.3, which is 
not consistent with the ratio of 2:1 calculated based on the dendrimer structure. This 
lower ratio has been observed before, however, and it may be a consequence of the amide 





Figure 4.4: High-resolution XPS N 1s spectra for PPF/G6-OH electrodes, where the pH 
of G6-OH is (a) 9.0, (b) 7.5, (c) 5.0, (d) 3.0. 
After the UV/O3 treatment, the same nitrogen regions are observed in the N 1s 
spectrum, but at much lower intensities and with increased spacing between the peaks 
(Figure 4.1f). The relative intensities of the N 1s peaks before and after UV/O3 treatment 
suggest that only ∼23% of the original N signal is retained (Tables 4.1 and 4.2). 
Effect of UV/O3 on Pt DENs 
Thus, far we have focused exclusively on the effect of UV/O3 treatment on the 
dendrimer itself, but now we turn our attention to the encapsulated Pt DENs. Prior to 
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UV/O3 treatment, XPS indicates that two Pt 4f peaks are present at 72.0 eV (Pt 4f7/2) and 
75.2 eV (Pt 4f5/2) (Figure 4.5a). Although, these BE values are higher than expected for 
metallic Pt (71.2 for Pt 4f7/2)
90, we13,112 and others122 have previously observed this 




Figure 4.5: High-resolution XPS spectra in the Pt 4f region for a PPF/ G6-OH(Pt55) 
electrode (a) before and (b) after UV/O3 treatment. (c) Same as panel b, but 
after 10 electrochemical scans (scan rate = 50 mV/s) in an Ar-purged, 
aqueous 0.50 M H2SO4 solution to reduce the surface oxide created during 
the UV/O3 treatment. 
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Figure 4.5b presents the Pt XPS spectrum after UV/O3 treatment. In this case, 
three new peaks emerge. The peaks at 72.9 and 76.2 eV are assigned to Pt(OH)2, while 
the peak at 79.0 eV can be fit to PtO. These oxygenated species on the DEN surface are a 
consequence of the oxidizing power of atomic oxygen. The two original Pt peaks 
attributable to metallic Pt are also still present in the spectrum, but they are shifted 0.2 eV 
toward higher BEs. Comparing the percent concentrations of the Pt peaks before and after 
the treatment, we calculate that ∼10% of the original Pt signal arises from oxygenated 
species after UV/O3 treatment (Table 4.1 and 4.2).  
For studies of electrocatalysis, we prefer to start with unoxidized Pt DENs, and 
therefore we attempted to reduce the oxygenated fraction of the Pt surface 
electrochemically. Specifically, after the UV/O3 treatment, the PPF/G6-OH(Pt55) 
electrode was scanned 10 times between −0.65 and 0.63 V in Ar-purged, 0.50 M H2SO4. 
As indicated by the XPS spectrum in Figure 4.5c, this electrochemical method was 
successful: the peaks arising from oxidize Pt (Figure 4.5b) are eliminated, and just the 
original two peaks, corresponding to metallic Pt, are present at 71.8 and 75.0 eV. Note, 
however, that these values are ∼0.2 eV lower than those of the original Pt DENs (Figure 
4.5a). 
STEM can be used to image Pt DENs before and after UV/O3 treatment to 
determine if there are gross morphological changes. Within the resolution of the 
microscope (point-to-point resolution of 0.19 nm), Figure 4.6 indicates no UV/O3 
induced changes. Specifically, the Pt DENs appear spherical and have an average 





Figure 4.6: STEM micrographs and size-distribution histograms for G6-OH(Pt55) DENs 
before (left) and after (right) UV/O3 treatment. The size distribution is based 
on 200 randomly selected particles. 
Location of Pt DENs 
As discussed in the context of Figure 4.1, the UV/O3 treatment presented here can 
be used to decompose most of the dendrimer templates from Pt DENs immobilized on 
PPF supports. To confirm removal of the dendrimers after the UV/O3 treatment, however, 
we carried out a Pt surface poisoning experiment we have used previously to determine 
the location of the NPs.90  
The poisoning experiment was performed on PPF/G6-OH(Pt55) electrodes before 
and after UV/O3 exposure using the following approach. First, a PPF/G6-OH(Pt55) 
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electrode that was not exposed to UV/O3 was immersed in ethanol for 3 min, and then 
sufficient 1-decanethiol was added to the ethanol to make the solution 3.0 mM in the 
thiol. The electrode was left in this solution for 20 min. Second, the electrode was 
removed from the thiol solution and rinsed with ethanol and then with DI water. Finally, 
the potential of the electrode was scanned in an O2-saturated, 0.50 M H2SO4 solution. 
The resulting cyclic voltammogram (CV), shown in red in Figure 4.7a, reveals a 
featureless shape characteristic of a passivated Pt surface. This result is interpreted as 
follows. Because ethanol is a good solvent for PAMAM dendrimers, the 1-decanethiol is 
able to diffuse through the dendrimer branches and adsorb to the PtNP surface. This 
inhibits the inner-sphere oxygen reduction reactions (ORR).  
 
 
Figure 4.7: CVs obtained using PPF/G6-OH(Pt55) electrodes (a) before and (b) after 
UV/O3 treatment. In all cases the electrodes were exposed to 1-decanethiol 
in either CH2Cl2 (black) or ethanol (red) for 20 min. The aqueous 0.5 M 
H2SO4 solution was saturated with O2. The scan rate was 50 mV/s. 
Next, this same experiment was repeated, but now using CH2Cl2 instead of 
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ethanol. CH2Cl2 is a poor solvent for PAMAM dendrimers, and in its presence the 
dendrimers collapse around the encapsulated NPs and protect them from being poisoned 
with 1-decanethiol. The resulting well-defined ORR peak (black CV in Figure 4.7a) 
obtained after this experiment confirms that the Pt DENs were encapsulated within the 
dendrimers during exposure to the thiol/CH2Cl2 solution. The two experiments described 
previously were now carried out using PPF/G6-OH(Pt55) electrodes following UV/O3 
exposure. The results of these experiments are summarized by Figure 4.7b. Now the CVs 
obtained after the poisoning experiments, using either ethanol (red CV) or CH2Cl2 (black 
CV), exhibit very low currents (note the difference in the current scales for Figures 
4.7a,b). These observations are consistent with PtNPs being present on the PPF support 
as naked NPs without dendrimers present to shield them from 1-decanethiol. We 
conclude that these electrochemical experiments confirm the XPS results: nearly all of the 
dendrimer is removed by the UV/O3 treatment, and so the Pt surface is fully exposed to 
the solution. 
The ORR in the Presence and Absence of PtNP-PPF Support Interactions 
The discussion up to this point demonstrates that UV/O3 removes most of the 
dendrimer from the Pt DENs, and thus converts PPF/G6-OH(Pt55) electrodes to PPF/Pt55 
electrodes. Our ultimate objective in the series of studies that will follow this first report 
is to better understand how underlying supports affect electrocatalytic reactions. As a first 
step in that direction, we examined the ORR at PPF/G6-OH(Pt55) and PPF/Pt55 
electrodes. 
Before obtaining CVs for the ORR, the PtNPs were electrochemically cleaned in 
an Ar-saturated, 0.50 M H2SO4 solution. Immediately thereafter, the electrodes were 
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immersed in an O2-saturated 0.50 M H2SO4 solution, and then the potential was scanned 
between 0.40 V and −0.40 V (vs Hg/ Hg2SO4). Figure 4.8 compares CVs obtained for the 
ORR before and after UV/O3 exposure. The results indicate that both electrodes are 
electrochemically active for the ORR and yield similar CVs. On the basis of four 
independent experiments, however, there are slight differences. For example, the peak 
current potential shifts from −84 ± 6 mV before UV/O3 treatment to −62 ± 6 mV after 
removal of the dendrimer, indicating a slight improvement in reaction kinetics. The value 
of the peak current density, however, does not change within the error of the 
measurement (0.44 ± 0.02 mA/cm2 vs 0.49 ± 0.04 mA/cm2 before and after UV/O3 
treatment, respectively). We cannot be sure of the reason for the slight favorable shift in 
the ORR peak position in the absence of the dendrimer, but it might be due to the 
appearance of a few additional catalytic sites on each PtNP when the dendrimer is 
removed. As previously stated, however, the potential shift is very small and consistent 
with our previous claims that the presence of the dendrimer has little influence on the 
catalytic transformation of small molecules, like O2, at the encapsulated DENs.
17,19 The 
results also indicate that the PPF electrode support has little effect on the ORR, which is 








Figure 4.8: CVs obtained using PPF/G6-OH(Pt55) electrodes and an aqueous 0.50 M 
H2SO4 solution saturated with O2 before (black) and after (red) UV/O3 
treatment. The current density is based on the surface area of Pt determined 
by H-adsorption. The scan rate was 50 mV/s. 
We also carried out chronoamperometric ORR experiments of the PPF/G6-
OH(Pt55) electrodes before and after UV/O3 treatment (Figure 4.9). These data were 
obtained using an O2-saturated, 0.50 M H2SO4 electrolyte solution and holding the 
electrode potential at −0.24 V (vs Hg/Hg2SO4) for 900 s. The results indicate that before 
UV/O3 treatment the current density decreases most significantly during the first 60 s of 
the experiment (black). Between 60 and 900 s, the current density continues to decrease, 
but at a much lower rate. The shape of the chromoaperometric curve for the UV/O3-
treated electrode (red) is similar. The highest current density decrease is still during the 
first 60 s of the experiment, but the decrease at longer times is significantly larger. The 
monotonic decrease in both cases is due to O2 exhaustion at the working electrode, 
because the solution was pre-saturated with O2 but not stirred or continuously refreshed 
with O2 during the experiment. The larger decrease in current after UV/O3 treatment is 
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consistent with Figure 5 in the main text: better kinetics of the ORR in the absence of the 
dendrimer, and a correspondingly higher rate of O2 exhaustion near the working 
electrode. The results are consistent with the CVs shown in Figure 4.9: slightly faster 
turnover of O2 after removal of the dendrimer. 
 
 
Figure 4.9: Chronoamperograms of PPF/G6-OH(Pt55) electrodes before and after the 
UV/O3 treatment obatined by holding the electrode potential at -0.24 V (vs. 
Hg/Hg2SO4) in an O2 saturated, 0.5 M H2SO4 solution for 900 s. 
SUMMARY AND CONCLUSIONS 
Here we have shown that UV/O3 can be used to almost entirely remove G6-OH 
PAMAM dendrimers from surface-confined Pt DENs without changing their size, shape, 
or electrocatalytic properties. These points are important for two reasons. First, they 
suggest that the dendrimer itself has very little influence on the electrocatalytic properties 
of the encapsulated NPs. This is important because it means that results obtained using 
DENs reliably extrapolate to the electrocatalytic properties of other types of naked NPs. 
Second, the fact that the dendrimer can be cleanly removed without significantly 
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changing the DENs makes it possible to study electrocatalytic reactions in the presence 
and absence of support interactions (Illustration 4.1). In other words, this is a near-perfect 
system for studying support effects, because the exact same electrode can be examined 
with support effects turned on or off simply by removing the dendrimer by UV/O3.  
One last point. Fermin,31,32,61,62 Gooding,33,63 and others52,57–60,64,134,135 have shown 
that electron transfer across thin insulating layers is not inhibited if NPs are present on 
the solution side of the insulator. We recently confirmed their findings using DENs as the 
NPs and ultrathin layers of Al2O3, deposited by atomic layer deposition, as the 
insulator.112 Those findings, taken together with the results reported in this chapter, mean 
that it will now be possible for us to examine electrocatalytic reactions on essentially any 
oxide or nitride support using any type of catalytic DEN. These experiments are currently 




Chapter 5:  Microelectrochemical Flow Cell for Studying 
Electrocatalytic Reactions on Oxide-Coated Electrodes3 
INTRODUCTION 
In the field of gas-phase heterogeneous catalysis, it is well-known that support 
materials, such as oxides and nitrides, can dramatically affect the catalytic performance of 
metal nanoparticles (NPs).2,9,136,137 Recently, we wondered if such strong metal−support 
interactions (SMSIs) influence electrocatalytic reactions in the same way. There are only 
a few reports in the literature of such systems for the very obvious reason that one 
normally does not think of carrying out electrochemical reactions on insulating surfaces.  
The first reports of the effect of SMSIs on electrocatalytic reactions were from the 
Adzic group.7,129,138–142 They used a very clever experimental model, called inverse 
catalysts, for studying these types of systems. For example, Adzic and co-workers 
deposited SnOx nanoislands on Pt(111) and examined the effect of this modification on 
the electrochemical activity of the ethanol oxidation reaction (EOR).139 
Chronoamperometry (CA) and current−potential polarization studies revealed that the 
activity of Pt(111) for the EOR is enhanced by the presence of SnOx. The Adzic group 
also utilized cyclic voltammetry (CV) and CA to study the effect of SnOx NPs on the 
electrochemical activity of polycrystalline Pt (pc-Pt) for the methanol oxidation reaction 
(MOR).141 The resulting pc-Pt/SnOx electrode exhibited up to a 40-fold enhancement in 
current for the MOR compared to a naked pc-Pt electrode. Even more interestingly, the 
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degree of enhancement was found to depend on the size of the SnOx NPs. In both of these 
studies, X-ray photoelectron spectroscopy (XPS) provided evidence that the presence of 
SnOx aids in the removal of chemisorbed CO on Pt, reducing the level of poisoning and, 
thereby, enhancing catalyst performance.  
Recently, we have been focusing on the design of very well-defined models for 
studying the effect of SMSIs on electrocatalysis. The approach we have taken relies on 
NP-mediated electron transfer (eT) across thin insulating layers, which is a phenomenon 
that has been discussed at length by Fermin,30,32,143 Gooding,33,34 and 
others.35,60,65,68,72,127,144,145 Moreover, we recently confirmed these findings for a model 
system consisting of an ultrathin insulating metal oxide (Al2O3) and PtNPs having sizes 
on the order of ∼2 nm.112 In that report, the oxide was deposited onto a carbon electrode 
by atomic layer deposition (ALD) and had a thickness of 2.4−3.5 nm. Pt dendrimer-
encapsulated nanoparticles (Pt DENs)11,19,43 served as the metal catalysts. We also 
showed that the dendrimer scaffold around the PtNPs could be cleanly removed, without 
changing the size of the NPs, using a UV/O3 process developed in our lab.
146 This places 
the NPs in direct contact with the electrode surface. Accordingly, at this point in our 
studies we have confirmed the existence of a well-defined model system (Illustration 5.1) 
that is appropriate for studying SMSIs for a variety of insulating thin films and metallic 
NPs having sizes in the interesting ∼2 nm size range.2,45 We are now ready to begin 






Illustration 5.1: Schematic representation of a PPF/Al2O3/PtNPs electrode after the 
removal of the dendrimers.  
The primary tool used for studying the kinetics and products of interfacial 
electrochemical reactions is the rotating ring-disk electrode (RRDE).147–149 RRDEs 
consist of a disk generator electrode (GE) surrounded by a concentric ring collector 
electrode (CE). In RRDE voltammetry an electrode is rotated to increase the rate of mass 
transfer of solution-phase reactants to an electrode surface. This often makes it possible 
to determine whether reactions are limited by mass transfer or kinetics. Moreover, if the 
products of the reaction are electrochemically active, they can be analyzed at the ring 
electrode. 
Although in wide usage, RRDEs are not well-suited for studying reactions at 
electrode surfaces modified by ALD or other common techniques that have been 
optimized for Si wafers or glass slides. This is primarily a consequence of the form factor 
of RRDEs, which are cylinders having macroscopic dimensions. Accordingly, we have 
recently been investigating the use of electrochemical flow cells as an alternative to the 
RRDE for making kinetic measurements and determining product distributions using the 
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SMSI model. These types of devices, which were developed by the Compton,150–155 
Unwin,156–160 and Macpherson,157,161,162 groups, as well as by us,92,163,164 consist of 
colinear GEs and CEs confined within a rectangular channel. In analogy to the RRDE, a 
reaction is driven at the upstream GE and the products are carried by laminar flow to the 
downstream CE where they can be analyzed (if they are electroactive). In their current 
form, however, these types of flow cells suffer from one of the same shortcomings as 
RRDEs. Specifically, the electrodes are difficult to modify and characterize once the cell 
has been assembled. 
To address this latter point, we report here a new kind of microelectrochemical 
flow system that is well suited for studying modifications, like ALD, that require 
substrates having a two-dimensional form factor. The design is similar to that of the types 
of microelectrochemical flow systems that have been previously reported,92,156,157,161–
163,165–168 but it allows for the electrodes to be modified ex situ and then incorporated 
directly into the flow cell. We have found that this attribute is critical for maintaining the 
integrity of fragile, ultrathin metal oxide layers. Additionally, this design makes it 
possible to remove electrodes from the cell between experiments, alter the surface 
modification, and then reinstall the same electrode into the cell for further analysis. 
In the present manuscript we describe this new microelectrochemical flow system 
(Illustration 5.2) within the context of PtNPs supported on ultrathin metal-oxide (Al2O3) 
films. The results indicate that this design is able to achieve mass-transfer coefficients (kt) 
of up to 0.011 cm/s, which is comparable to those attainable by RRDE (typically 0.005 to 
0.011 cm/s).24,169 Importantly, the collection efficiency at the CE (N) of products 
produced at the GE are in the range of 57 ± 10%, varying with flow rate, compared to 
∼37% for the RRDE.170 We tested the flow cell using ALD- and DEN-modified 
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substrates (Illustration 5.2) and achieved results that are consistent with prior reports. 
 
 
Illustration 5.2: Schematic illustration of (a) individual pieces of the 




Activation of PPF Electrodes 
Prior to expositing the resulting PPF slides to ALD, the slides were activated with 
UV/O3 using a commercial UV/O3 system (PSD-UV4 with OES1000D, Novascan 
Technologies, Ames, IA). Individual PPFs were placed in the center of the chamber ~2 
cm from the UV lamp. The vacuum was turned on, and after 3 min an external supply of 
O2 was introduced into the chamber at 775.7 mmHg for 5 min. The O2 flow was then 
stopped and the UV lamp was turned on for 5 min. The process of exposing the PPF 
sample to O2 flow and then to the UV lamp was repeated two more times. After the 
UV/O3 treatment, PPFs were placed into the ALD chamber within 2 min. 
Synthesis of Pt DENs 
Pt DENs were synthesized using a previously published procedure based upon 
galvanic exchange. Specifically, 1.0 mL of 100.0 μM sixth-generation, hydroxyl-
terminated (G6-OH) poly(amidoamine) (PAMAM) dendrimers was diluted in 8.68 mL of 
DI water. Next, 55 equiv of 20.0 mM CuSO4 were pipetted into the G6-OH solution. The 
solution was sealed and stirred under N2 for 15 min. Next, a 5-fold molar excess of an 
aqueous 1.0 M NaBH4 solution was added dropwise under N2 to reduce intradendrimer 
Cu2
+ to CuNPs. The reduction was carried for 45 min, and then the pH of the resulting 
G6-OH(Cu55) DENs was adjusted to 3.0 using 1.0 M HClO4. Finally, sufficient aqueous 
10.0 mM PtCl4
2− (Pt2+:Cu = 1) was added dropwise (under N2) to initiate galvanic 
exchange. The solution was sealed and left to stir for 60 min under N2. The Pt DENs 
were immobilized atop PPF/Al2O3 electrodes by immersing the latter in the Pt DENs 
solution (pH 3.0) for 30 min. After 30 min, the electrodes were rinsed under a gentle flow 
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of NERL reagent-grade water and dried under low-pressure N2. The newly formed 
PPF/Al2O3/G6-OH(Pt55) electrodes were left to dry for at least 90 min prior to use. The 
final concentration of the Pt DEN solution was 10.0 μM. Pt DENs appeared spherical and 
had an average diameter of 1.4 ± 0.2 nm (Figure 5.1). 
 
 
Figure 5.1: (Left) Transmission electron micrograph and (right) size-distribution 
histogram for the G6-OH(Pt55) DENs used in this work. 
UV/O3 Treatment for Decomposition of G6-OH Dendrimers 
The G6-OH dendrimers were removed from the PtNPs using a modified version 
of the UV/O3 process we have described previously.
146 Briefly, individual 
PPF/Al2O3/G6OH(Pt55) electrodes were placed in the center of the UV/O3 chamber and 
treated using the following protocol, which resulted in maximum dendrimer 
decomposition and minimal PtNP surface oxidation. First, the vacuum was turned on and 
an external supply of O2 was introduced into the chamber at 259 mmHg for 15 min. 
Second, the O2 flow was stopped and the UV lamp was turned on for 5 min. After turning 
off the UV lamp, the chamber was purged with O2 (259 mmHg) for 10 min. The last two 
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steps were repeated five times. Next, the O2 flow was stopped and the UV lamp was 
turned on for 5 min, following which the chamber was purged with O2 for 15 min. O2 
was turned off and the UV lamp was turned on for another 15 min. Finally, the UV lamp 
was turned off and the electrode was left inside the chamber for 15 min. 
X-ray photoelectron spectroscopy (XPS). XPS samples were prepared by 
immobilizing Pt DENs atop Al2O3-modified PPF electrodes as previously described. XPS 
was carried out using a Kratos Axis Ultra spectrometer (Chestnut Ridge, NY) having an 
Al Kα source. Samples were grounded using metal holders. Careful placement of the 
PPF/Al2O3/G6-OH(Pt55) electrode made it possible to characterize the same location 
before and after UV/O3 treatment. This was important because the G6-OH(Pt55) aliquot 
did not dry uniformly on the Al2O3 support. XPS spectra were collected using a 0.10 eV 
step size and a band pass energy of 20 eV. Binding energies (BEs) were calibrated 
against the C 1s carbonyl peak of G6-OH dendrimer (288.5 eV).132 CasaXPS (version 
2.3.15, Casa Software, Teignmouth, UK) was used for peak fitting and analysis. A mixed 
Gaussian/Lorentzian model was used for symmetric line-shapes, while an asymmetric 
Lorentzian model was applied for asymmetric line shapes.   
Flow Cell Design 
The flow cell was constructed from layers of 500 µm-thick silicone and 6.3 mm-
thick acrylic sheets. The silicone and acrylic pieces were cut using a commercial CO2 
laser cutter (Epilog Zing 16, 30W, Golden, CO).  Silicone sheets were cut using 10% 
power, 100% speed, and 5000 Hz frequency. Acrylic sheets were cut using 100% power, 
5% speed, and 5000 Hz frequency.  
75 
 
The individual pieces of the flow cell were prepared as follows, starting from the 
bottom of Scheme 5.2a. The laser was rastered (3 passes at 40% speed and 80% power) 
across the acrylic base layer to create two 2.5 cm x 2.5 cm recessions to accommodate the 
GE and CE (Figure 5.2a). The electrodes were placed in the base acrylic layer and affixed 
with Cu tape (Figures 5.2b and 5.2c). The lower silicone gasket was cut to create two 
separate channel segments and seal the edges to prevent leaking where the electrodes and 
the acrylic base layer meet (Figure 5.2d). This silicone layer resulted in a gap of between 
10.1 and 11.5 mm between the two electrodes, constrained the width of the channel to 
500 µm, and limited the CE length exposed to the flowing solution to 7.6 mm. The 
acrylic bridge layer was fabricated by rastering the laser (2 passes at 80% speed and 
100% power) across the surface to create a lip around the channel. This layer was further 
etched (4 passes at 80% speed and 100% power) to create a fluidic pathway for solution 
to flow between the two silicone channel sections (Figure 5.2e). Holes were cut through 
this acrylic layer for solution to flow to the channel layer. 
The upper silicone gasket was cut to size, and then holes were added for fluid 
flow (Figure 5.2f). This sheet creates a seal between the bridge acrylic layer and the 
NanoPorts. The top acrylic layer was etched to accommodate the lip of the NanoPorts, 
hold them in place, and create a seal between the NanoPort assembly and the upper 





Figure 5.2: Photographs showing the step by step assembly of the flow cell used in this 
work. 
The flow cell was assembled as illustrated in Illustration 5.2a and secured with 
nuts (Figure 5.2h). The nuts were tightened in a cross pattern to evenly distribute pressure 
across the electrodes. One of the NanoPorts was connected to a syringe pump (Pico Pump 
Elite, Harvard Apparatus, Holliston, MA) outfitted with a 10 mL gas-tight syringe 
(Model 1010, Hamilton, Franklin, MA) and PEEK tubing. The other NanoPort was 
connected to an outlet reservoir where the reference and counter electrodes were placed. 





Figure 5.3: A photograph of the assembled flow cell. 
Fabrication of Pt Collector Electrodes 
Pt collector electrodes were fabricated by physical vapor deposition. Electrodes 
consisted of a 20 nm Ti adhesion layer and 100 nm Pt deposited onto 2.5 cm x 7.5 cm 
unpatterned glass slides. Following deposition, the slides were cut into 2.5 cm x 2.5 cm 





RESULTS AND DISCUSSION 
Flow Cell Design and Characterization 
Details regarding the flow cell design and construction are provided in the 
Supporting Information. Briefly, however, it consists of a flow channel defined by a laser-
cut silicone gasket (Illustration 5.2). Within the channel, there are two electrodes: a PPF 
carbon generator electrode (GE) and a larger, downstream Pt collector electrode (CE). 
These electrodes are thin films on quartz and glass substrates, respectively, that fit into 
recessed regions of the acrylic base plate. The flow cell was designed such that the gap 
between the GE and the CE ranged from 10.1 to 11.5 mm, depending on the length of the 
quartz substrate on which the GE is patterned, and the channel width was 500 μm. The 
GE and CE lengths were 100 μm and 7.6 mm, respectively. In operation, the inlet is 
connected to a syringe pump via a NanoPort, the channel is purged with solution to 
remove bubbles that might be present, and then the outlet is connected to an external 
reservoir containing the reference and counter electrodes. 
Hydrodynamic cells, like the one described here, exhibit high rates of mass 
transfer (kt) compared to nonconvective techniques, and this makes it possible to 
determine reaction kinetics and mechanisms.24,147,148,171–174 Generation-collection 
techniques are used to simultaneously drive an electrochemical reaction and analyze the 
resulting products.92,147,149,175,176 A generation-collection experiment is carried out by 
applying an appropriate potential to an upstream GE sufficient to drive an 
electrochemical reaction. The products of this reaction are carried by laminar flow to a 
downstream CE where a second electrochemical reaction occurs (sometimes the reverse 
of the reaction at the GE).24,147,149,175 A key parameter in generation-collection 





GE are the mass transfer-limited currents at the CE and GE, 
respectively.24,149,177 
              (5.1) 
Characterization of the flow cell illustrated in Illustration 5.2 was carried out 
following previously established electrochemical methods, which amount to observing 
the relationship between ilim
GE and the volumetric flow rate, VF, using a reversible, outer-
sphere redox probe such as Fc(MeOH)2.
92 The relationship between ilim
GE and VF under 
laminar flow conditions can be described by the Levich equation (eq 2).175,177 
                              (5.2) 
Here, n is the number of electrons transferred, F is Faraday’s constant, C is the 
concentration of the redox probe, D is the diffusion coefficient of the redox probe, d and h 
are the width and half-height of the channel, respectively, and w and xe are the width and 
length of the electrode, respectively. The important prediction of Equation 5.2 is that 
there is a linear relationship between ilim
GE and VF
1/3 under laminar flow conditions 
(Reynolds number < 2000).172,177–179  
The cyclic voltammograms (CVs) shown in Figure 5.4a were obtained for 
Fc(MeOH)2 oxidation in the flow cell (Illustration 5.2). Specifically, a solution containing 
1.0 mM Fc(MeOH)2 and 0.10 M KNO3 was introduced to the cell, and VF was varied as 
indicated in the figure. Consider the CV for VF = 10μL/min first. As the potential of the 
GE is scanned from −0.50 to 0.20 V, the current becomes more negative, reaches a peak, 
and then achieves a mass transfer limited, steady-state value. The peak is present because 
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both diffusion and convection contribute significantly to the shape of the voltammogram 
at this low flow rate.177  
 
 
Figure 5.4: (a) CVs obtained at a naked PPF GE for the oxidation of 1.0 mM 
Fc(MeOH)2 in an aqueous solution containing 0.10 M KNO3. The flow rates 
are indicated in the legend. (b) Plot of ilim
GE vs VF
1/3 constructed from 
chronoamperometry experiments. The data were obtained by stepping the 
GE potential from −0.50 to 0.20 V for 20 s to drive the oxidation of 1.0 mM 
Fc(MeOH)2. The error bars represent the standard deviations for three 
measurements. The red line is the best linear fit to the data (R2 = 1.00). (c) 
Representative chronoamperograms for a generation-collection experiment 
in a flowing solution containing 1.0 mM Fc(MeOH)2 and 0.10 M KNO3 (VF 
= 75μL/min). The GE was stepped from −0.50 to 0.20 V for 20 s and then 
back to −0.50 V. The CE was held at −0.50 V. 
When VF increases to 25 μL/min the peak remains, but it is less prominent, and 
the hysteresis between the forward and reverse scans is slightly decreased. These changes 
are a consequence of the increase in VF causing the contribution of diffusion, relative to 
convection, to become less significant. As VF is further increased the peak disappears 
altogether, resulting in sigmoidal-shaped CVs characteristic of mass transport-limited 
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conditions, and the magnitude of the hysteresis decreases further. On the basis of these 
results, we conclude that the characteristics of the flow cell are interpretable in terms of 
well-understood mass-transfer phenomena.  
The channel height (2h) of the flow cell can be calculated using Equation 5.2. The 
necessary data were obtained by stepping the potential of the GE from −0.50 to 0.20 V 
for 20 s in flowing solutions containing 1.0 mM Fc(MeOH)2 and 0.10 M KNO3. Figure 
5.4b is the resulting linear plot of ilim
GE vs VF
1/3.172,175,177 Using the slope of this line and 
Equation 5.2, the channel height is determined to be 457 μm. The average channel height, 
calculated from four independent experiments using four different electrodes is 448 ± 22 
μm.  
The mass-transfer coefficient, kt, can be calculated from ilim
GE and Equation 5.3.24  
                                           (5.3) 
Here, A is the geometric area of the electrode and the other variables have already been 
defined. In this study, the highest value of ilim
GE was 549 ± 10 nA, which corresponds to 
kt = 0.011 cm/s. This value is comparable to those attainable by RRDE (kt = ∼0.01 
cm/s).170 Collection efficiency of the flow cell (N) was measured by stepping the GE 
from -0.50 V to 0.20 V while holding the CE at -0.50 V (vs Hg/Hg2SO4) in a flowing 
solution containing 0.10 M KNO3 and 1.0 mM Fc(MeOH)2.  The resulting values of ilim
GE 
and ilim
CE were used to calculate N based on Equation 5.1. The error bars represent the 
standard deviation from the mean for four independent measurements (using a different 
electrode for each set of measurements) at each flow rate. The measured values of ilim
GE 
and ilim
CE obtained from four independent chronoamperometry measurements (an 
example of one of these is shown in Figure 5.4c) for different values of VF yield N = 57± 
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10% (Equation 5.1). Within error, the value of N did not change significantly as a 
function of VF, as shown in Figure 5.5. This collection efficiency is higher than values 
attainable by RRDE (N = 37%)170 and, hence, results in increased sensitivity for this flow 
cell method. Note, however, that both kt and N are lower than values we have previously 
reported for microelectrochemical flow cells having much smaller channel dimensions (kt 
= 0.5 cm/s, N > 95%).92,164 
 
 
Figure 5.5: Measured collection efficiencies (N) as a function of volumetric flow rate 
(VF).  The GE was stepped from -0.50 V to 0.20 V while holding the CE at -
0.50 V in a flowing solution containing 0.10 M KNO3 and 1.0 mM 
Fc(MeOH)2.  The error bars represent the standard deviation from the mean 
for four independent measurements (using a different electrode for each set 
of measurements) at each flow rate. 
Decomposition of G6-OH Dendrimers 
Previously, we showed that UV/O3 can be used to nearly completely remove the 




Recalling that PAMAM dendrimers are mostly composed of carbon, nitrogen, and 
oxygen, XPS showed that the UV/O3 treatment results in a 92% decrease of the 
dendrimer C 1s signal and a 78% decrease in the dendrimer N 1s signal. Importantly, this 
decomposition process does not affect the size or shape of the encapsulated PtNPs.146  
In the present study, we are also interested in decomposing G6-OH dendrimers, 
but in this case starting with G6-OH(Pt55) DENs immobilized on Al2O3-modifed PPF 
electrodes rather than naked PPF. Hence, we modified our previously published UV/O3 
procedure146 in a way that maximizes dendrimer decomposition without damaging the 
underlying Al2O3 layer. Subsequently, XPS was used to evaluate the extent of dendrimer 
removal from the PPF/Al2O3/G6-OH(Pt55) electrode by comparing the surface 
composition before and after the UV/O3 treatment. Prior to the UV/O3 treatment, the XPS 
peaks were referenced to the known position of the dendrimer carbonyl C 1s peak at 
288.5 eV.122,146 However, after the UV/O3 treatment the intensity of this peak decreased 
significantly and so it was no longer a reliable reference. Consequently, after UV/O3 
treatment, the amide N 1s peak was used as a reference by relating its position to the 
dendrimer carbonyl C 1s peak obtained prior to UV/O3 treatment. The amide N 1s peak 
was then used as a reference for all of the other XPS peaks after UV/O3 treatment.  
Prior to the UV/O3 treatment, the XPS signal in the C 1s region can be 
deconvoluted into four peaks (Figure 5.6a). The peak at the lowest BE (285.2 eV) 
corresponds to the underlying PPF support.51,112,146 The other three peaks arise from the 
presence of the dendrimer and are assigned to aliphatic carbons (cyan); the C-OH, C-N 
(amine), and C-N (amide) functionalities of the dendrimer (orange); and the carbonyl 





Figure 5.6: High-resolution XPS spectra in the C 1s and N 1s regions for a 
PPF/Al2O3/G6-OH(Pt55) electrode before and after UV/O3 treatment. The C 
1s region (a) before and (b) after UV/O3 treatment. The N 1s region (c) 
before and (d) after UV/O3 treatment. 
Following the UV/O3 treatment (Figure 5.6b), the peak arising from the PPF 
support (BE = 285.2 eV) becomes dominant as most of the dendrimer is removed. The 
peak corresponding to the aliphatic carbons and the peak corresponding to the hydroxyl, 
amine, and amide functionalities associated with the dendrimers, are now all present as a 
single peak at 286.2 eV. The carbonyl peak is still observed at 289.7 eV, but at a much 
lower intensity relative to the background. A comparison of the dendrimer C 1s peaks 
before and after UV/O3 treatment indicates that 88% of the overall dendrimer C 1s signal 
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is eliminated after UV/O3. No peaks corresponding to phenolic or carboxylic carbons are 
present after UV/O3. This is important, because in our previous work we showed that in 
the absence of the ALD layer these functionalities emerge.146 Their absence here 
confirms that the Al2O3 ALD layer covers the PPF surface and protects it from oxidation 
during the UV/O3 treatment.  
In addition to C 1s, we also monitored the N 1s region to confirm decomposition 
of the dendrimer. Before the UV/O3 treatment, the N 1s region consists of three peaks 
from lowest to the highest BE: unprotonated amines, amides, and protonated amines, 
respectively (Figure 5.6c).88,122,146 After UV/O3, the same N 1s peaks are observed, but at 
much lower intensities (Figure 5.6d). A comparison of the N 1s peak intensities before 
and after treatment reveals that 74% of the N 1s signal is decomposed after UV/O3.  
Effect of UV/O3 Treatment on Pt DENs and Al2O3 
In our earlier dendrimer decomposition study we observed that Pt DENs 
immobilized onto PPF substrates were partially oxidized after the UV/O3 treatment.
146 It 
was possible, however, to electrochemically reduce the surface of the oxidized Pt DENs 
back to zero-valent Pt. Neither UV/O3-treatment nor electrochemical reduction of PtOx 
affected the size or shape of the NPs.146 
Results similar to those in our previous studies were also observed when oxide-
coated electrodes, PPF/Al2O3/G6-OH(Pt55), were exposed to UV/O3. Before UV/O3, the 
Pt 4f region (Figure 5.7a) can be deconvoluted into two peaks, present at 72.6 eV and 
76.0 eV, and these are assigned as metallic Pt.15,122 A smaller third peak (red) in this 
region at 74.1 eV corresponds to Al 2p, and it arises from the presence of the Al2O3 
support.88 Following UV/O3, the Al 2p peak is still present, but partial oxidation of the 
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PtNPs is now apparent. Specifically, the peaks at 73.1 eV and 76.7 eV correspond to 
Pt(OH)2, while peak at 79.5 eV can be assigned to PtO2 (Figure 5.7b).
88 Comparing the 
percentages of the metallic Pt peak intensities before and after treatment, we conclude 
that ~24% of the Pt is oxidized by UV/O3. However, XPS also indicates that PtOx formed 
as a consequence of UV/O3 treatment can be reduced back to metallic Pt by scanning the 
potential of the PPF/Al2O3/G6-OH(Pt55) electrode 50 times between -0.65 V and 0.63 V 
at a scan rate of 0.060 V/s in a 0.10 M HClO4 solution previously saturated with Ar 
(Figure 5.7c). This is evidenced by the absence of PtOx peaks at 73.1 eV, 76.7 eV and 





Figure 5.7: High-resolution XPS spectra in the Pt 4f and Al 2s regions for a 
PPF/Al2O3/G6-OH(Pt55) electrode before and after UV/O3 treatment. The Pt 
4f region (a) before UV/O3, (b) after UV/O3, and (c) after UV/O3 and 
electrochemical reduction of Pt. The Al 2s region (d) before UV/O3, (e) after 
UV/O3, and (f) after UV/O3 and electrochemical reduction of Pt. 
Interactions between Pt55 NPs (after the removal of the dendrimer by UV/O3) and 
the underlying Al2O3 support can be monitored by tracking the positions of the Pt 4f and 
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Al 2s peaks.7,126,139,141,180 The calibration method described in the previous section makes 
it possible to determine that the positions of the zero-valent Pt 4f7/2 peak before UV/O3, 
after UV/O3, and after subsequent electrochemical reduction, are all at 72.6 eV (vertical 
black line, Figures 5.7a-c). In a similar way, the positions of the Al 2s peak before and 
after UV/O3, and after electrochemical reduction of PtOx, were found to be at 120.4 eV, 
120.1 eV, and 120.4 eV, respectively (Figure 5.7d-e, respectively). Taking into account 
the very small shift (0.3 eV) in the Al 2s peak position that occurs after UV/O3 treatment 
and that is restored back to its original position (120.4 eV) following electrochemical 
reduction, as well as the fact that there is no change in the metallic Pt peak position, we 
conclude that there is very little (if any) electronic interaction between the Pt55 NPs and 
the Al2O3 support.
181      
As mentioned previously, the XPS data indicate that the Al2O3 ALD layer is not 
damaged by the UV/O3 treatment (e.g., no indication of oxidation of the underlying PPF 
electrode), but for the ORR study discussed next it is also important that this be 
demonstrated in the flow cell under electrochemical conditions. Accordingly, an Al2O3-
coated PPF electrode (no Pt DENs) was cycled between -0.50 V and 0.20 V at 0.060 V/s 
in an aqueous solution containing 1.0 mM Fc(MeOH)2 and 0.10 M KNO3. The observed 
currents (Figure 5.8) were very small, which is a consequence of the passivating oxide 
layer, and, more importantly, the differences in the magnitudes of the currents before and 
after UV/O3 are likewise very small. On the basis of these electrochemical studies, and 
the previously discussed XPS results, we conclude that the UV/O3 treatment is able to 






Figure 5.8: Cyclic voltammograms (CVs) of a PPF/Al2O3 electrode (a) before and (b) 
after UV/O3 treatment. The electrode was scanned once from -0.50 V to 
0.20 V and back to -0.50 V (scan rate = 0.060 V/s) in a flowing (50 µL/min) 
aqueous solution containing 1.0 mM Fc(MeOH)2 and 0.10 M KNO3. 
Evaluation of the ORR Pathway in the Absence and Presence of Contact between 
PtNPs and the Al2O3 Support Using the Levich Equation 
In acidic solution, the Pt-catalyzed ORR can occur by a four electron pathway to 
produce H2O (Equation 5.4) or by a two electron pathway to produce H2O2 (Equation 
5.5).36,163 If the two-electron process occurs (Equation 5.5), the resulting H2O2 may 
undergo an additional two-electron reduction to yield H2O (Equation 5.6). However, this 
second step is kinetically slow.34,36,182 Nevertheless, depending on the experimental 
conditions, the ORR often follows a combination of these three pathways and, 






+ + 4e- → 2H2O     (5.4) 
O2 + 2H
+ + 2e- → H2O2     (5.5) 
H2O2 + 2H
+ + 2e- → 2H2O     (5.6) 
Having confirmed that the PPF/G6-OH(Pt55) and PPF/Al2O3/G6-OH(Pt55) model 
systems are both well-defined and robust, even after removal of the dendrimer, we now 
turn our attention to the electrochemical determination of the ORR pathway at the GE 
using the flow cell. Prior to experiments the PtNPs were cleaned electrochemically as 
described in the previous section. The ORR experiments were carried out in an aqueous 
0.10 M HClO4 solution that was saturated with O2 by purging the solution for 1.5 h. The 
data in Figure 5.8, which is a plot of ilim
GE vs VF
1/3 for different electrode modifications, 
were obtained by scanning the GE potential from 0.40 V to -0.65 V at 0.060 V/s and then 
determining ilim
GE. The current for the naked PPF electrodes (orange) is negligible, but 
currents observed for the four electrodes modified with PtNPs (PPF/G6-OH(Pt55), 
PPF/Pt55, PPF/Al2O3/G6-OH(Pt55), and PPF/Al2O3/Pt55) were higher due to the catalytic 
activity of the PtNPs. Moreover, the values of ilim
GE for each of these four electrodes 
overlap with each other across the entire range of VF. This result is in agreement with our 
previous finding that the presence of an ultrathin Al2O3 layer does not hinder the ORR 
kinetics for G6-OH(Pt55)-modified electrodes.
112 Likewise, the presence of the dendrimer 
layer does not affect the ORR kinetics. This observation is expected, because we112 and 
others32–35,143 have previously shown that electron transfer can be very fast between an 
electrode and metallic nanoparticles separated by up to a few nanometers by an insulator.  
Next, we sought to compare the experimentally obtained values of ilim
GE to 
theoretical Levich predictions (Equation 5.2) for the four- and two-electron ORR 
processes. Using previously reported values for the concentration of O2 in 0.10 M HClO4 
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(C = 1.26 mM)183 and the diffusion coefficient of O2 (D = 1.93 x 10
-5 cm2/s),36,183 we 
calculated the currents for the two- and four-electron ORR pathways (Equation 5.2), and 
these are illustrated by the black and red lines, respectively, in Figure 5.9. The results of 
this analysis indicate that for all of the PtNP-modified electrodes neff = 3.3 ± 0.5. The 
value of neff observed here is in agreement with previously reported values obtained 
under similar mass-transport conditions (kt ≤ 0.01 cm/s).
163 The key result, however, is 
that neither the dendrimer nor the ultrathin Al2O3 layer affect the ORR pathway. 
 
 
Figure 5.9: Plot of ilim
GE vs VF
1/3 for the indicated electrodes. The values of ilim
GE were 
acquired by scanning (0.060 V/s) the GE from 0.40 to −0.65 V (vs MSE) in 
O2-saturated 0.10 M HClO4. The solid lines were calculated using the 
Levich equation (eq 2) for 2- and 4-electron pathways. 
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Evaluation of the ORR in the Absence and Presence of Contact between PtNPs and 
Al2O3 Support Using Generation-Collection 
In the previous section, we showed that it is possible to evaluate the catalytic 
pathway by direct measurements at the GE. However, it has previously been observed 
that assignment of product distributions based only on the mass transport-limited current 
at a GE can be misleading.163,184 Accordingly, we also used generation-collection to 
evaluate the ORR products. Specifically, the ORR was initiated at the GE, and if H2O2 is 
produced it can be detected via electrochemical oxidation at the CE. To implement this 
analysis, the values of ilim
GE and ilim
CE are determined, and then using the previously 
determined value of N (57 ± 10%), one can calculate neff using Equation 5.7.
163 
                                   (5.7) 
We163 and others184,185 have shown that this approach is more accurate than 
relying solely on a Levich analysis, because only N and the limiting current ratios are 
required. For example, it is not necessary to possess an accurate value for the O2 
concentration to calculate neff, and the generation-collection approach is not affected by 
kinetic limitations that may occur at the GE.163,184  
Generation-collection experiments were carried out in the flow cell using a 
solution containing 0.10 M HClO4 and 1.26 mM O2. The GE potential was scanned from 
0.40 V to -0.65 V at 0.060 V/s, while holding the downstream CE at 0.70 V for the 
duration of the experiment. In agreement with previous reports,92,163 and our own 
independent measurements (Figure 5.10), this CE potential is sufficiently positive to 





Figure 5.10: Diffusion-controlled oxidation of H2O2 at a platinized PPF electrode.  CVs 
of a platinized PPF GE in an aqueous 0.10 M HClO4 solution in absence and 
presence of 0.70 mM H2O2. The flow rate used was 5.0 µL/min and the scan 
rate was 0.060 V/s. The results show that a potential of 0.70 V is sufficient 
to oxidize H2O2 to O2 at the mass transfer-limited rate. Accordingly, the CE 
was set to this potential for the generator-collector experiments described in 
the main text. 
Figure 5.11 shows a representative linear sweep voltammogram (LSV) for the 
ORR at a PPF/Al2O3/Pt55 GE and the resulting, baseline-subtracted CE response. As the 
potential of the GE is scanned in the negative direction, the GE current becomes more 
positive due to the ORR until it reaches a plateau before decreasing at potentials more 
negative than -0.60 V. In contrast, the current at the CE, which results from oxidation of 
H2O2 produced at the GE, is lower and becomes more negative. The CE current does not 
plateau, but rather becomes more positive at negative potentials. This occurs because as 
the potential of the GE decreases below  -0.40 V, some H2O2 produced by the two-
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electron pathway (Equation 5.5) is reduced to water at the GE (Equation 5.6).37 Hence, 
less H2O2 is available for oxidation at the CE. The absolute value of ilim
CE is less than 
ilim
GE for two reasons. First, because N = 57 ± 10%, the maximum possible ilim
CE can only 
be ~57% of ilim
GE. Second, both H2O and H2O2 are possible products at the GE, but only 
the H2O2 fraction is detected at the CE.  
 
 
Figure 5.11: LSVs obtained using a PPF/Al2O3/Pt55 GE and a Pt CE. The GE was 
scanned from 0.40 to −0.65 V at a scan rate of 0.060 V/s (vs MSE) in O2-
saturated, 0.10 M HClO4 solution. The potential of the CE was held at 0.70 
V. The flow rate (VF) was 50 μL/min. 
Using the ratio of the mass transfer-limited currents at the GE and CE, the 
previously determined value of N, and Equation 5.7, the value of neff can be 
determined.163 Figure 5.12 is a plot correlating the values of neff to VF
1/3 for the four 
indicated electrode modifications. At all but the lowest value of VF, where diffusion plays 
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a significant role in mass transport, neff is nearly independent of the electrode 
composition. Specifically, the average neff for PPF/G6-OH(Pt55) and PPF/Pt55 is 3.5 ± 0.1, 
while the average neff for PPF/Al2O3/G6-OH(Pt55) and PPF/Al2O3/Pt55 is 3.4 ± 0.1. These 
results indicate that removal of the dendrimer from the PPF/G6-OH(Pt55) and 
PPF/Al2O3/G6-OH(Pt55) electrodes does not affect the ORR pathway.  
 
 
Figure 5.12 Plot showing the relationship between neff and VF
1/3 for the indicated 
electrode modifications. 
The average values of neff determined by direct electrochemistry at the GE 
(Levich equation, neff = 3.3 ± 0.5) and by generation-collection (neff = 3.45 ± 0.15) are, 
within experimental error, identical. However, the smaller error for generation-collection 
experiments indicates that this is a more precise method. In agreement with previous 
96 
 
reports, we conclude that generation-collection experiments are preferable to single-
electrode experiments for studies of electrochemical reaction pathways.92,163,175 
SUMMARY AND CONCLUSIONS  
We have introduced a microelectrochemical flow cell that makes it possible to 
study complex surface modifications under conditions of hydrodynamic flow. The key 
advance is that the electrodes can be removed from the cell, modified, and then replaced 
without significantly changing flow characteristics. As shown here, this makes it possible 
to use electrodes modified by ALD or subjected to UV/O3 treatment. The cell operating 
characteristics are well-defined, and both Levich and generation-collection experiments 
can be carried out.  
There are three interesting scientific results that emerge from this study. First, we 
showed that it is possible to find UV/O3 processing conditions that remove dendrimers 
from DENs but leave the encapsulated PtNPs intact. Likewise, this UV/O3 treatment does 
not adversely affect the ultrathin Al2O3 layer. Second, we found that the reaction pathway 
for the ORR is not affected by the presence of the dendrimer or the ALD layer: neff = 
∼3.4, regardless of the electrode configuration. Third, direct contact between the Al2O3 
layer and the PtNPs does not affect the reaction pathway for the ORR. Indeed, we 
anticipated this result and specifically chose the Pt/Al2O3 electrocatalyst model as a 
baseline system for future studies involving more interesting metals and metal oxides. 
These experiments are currently underway in our laboratory and the results will be 
reported in due course. 
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Chapter 6:  Electrocatalytic Study of the Oxygen Reduction Reaction at 
AuNPs in the Absence and Presence of Interactions with SnOx 
Supports4  
INTRODUCTION 
Strong metal-support interactions (SMSIs) are well known to strongly influence 
the catalytic properties of supported catalysts.2,9,186,187 Since the term SMSI was first 
introduced in 1978,42,188 extensive theoretical189–194 and experimental7,40,126,195–198 efforts 
have been directed towards understanding and more efficiently utilizing such 
interactions. Most experimental studies relating to SMSI have involved gas-phase 
heterogeneous catalysis, while only a few have been carried out using electrochemical 
systems. This is because most active supports are insulators (oxides and nitrides), and one 
does not usually think of using insulating electrodes for electrocatalysis. Nevertheless, 
there have been a few very clever electrochemical studies in which support effects have 
been shown to be important.  
The Adzic group reported one of the first model catalyst systems designed to 
better understand the role of the metal/metal-oxide interface in electrocatalysis.7,196,199,200 
For example, they constructed an inverse catalyst by depositing SnO2 nanoparticles (NPs) 
onto a Pt electrode and showed that it was more effective for the methanol oxidation 
reaction (MOR) than Pt alone.201 More specifically, they showed that the degree of 
                                                 
4 Ostojic, N.; Duan, Z.; Galyamova, A.; Henkelman, G.; Crooks, R. M. Elecrocatalytic Study of 
the Oxygen Reduction Reaction in the Absence and Preseence of Interactions with SnOx 
Supports. Submitted to JACS.  
I was first coauthor on this publication. A. Galyamova helped with data collection. Z. Duan 
performed simulations under the supervision of Dr. G. Henkelman. Dr. R. M. Crooks and Dr. G. 




effectiveness of the inverse electrocatalyst exhibited a strong dependence on the size of 
the SnO2 NPs and hence the area of the Pt-SnO2 interface. Theory suggested that the Pt-
Sn electronic interactions, and the structural flexibility of smaller SnO2 NPs, result in a 
weaker adsorption of OH species leading to more efficient oxidation of CO, a MOR 
intermediate that poisons Pt. 
In addition to inverse catalysts, a few other systems have been used to study 
SMSIs for electrocatalytic reations.126,195,198 For example, recently the Roziere group 
examined the beneficial effects of SnO2 and doped-SnO2 substrates on PtNP activity for 
the ORR.202 In their experiments, Nb and Sb-doped SnO2 tubes were prepared by 
electrospinning and subsequently modified with ~4 nm PtNPs. X-ray photoelectron 
spectroscopy (XPS) analysis indicated that the improvement in the electrocatalytic 
activity of the PtNPs was due to partial electron transfer from Sn to Pt.  
On the basis of these and other studies,126,195,196 it has been established that 
appropriate substrates can dramatically affect the properties of electrocatalytic NPs, and 
that these effects arise primarily from changes to either the electronic properties126,202 or 
geometric structure2,4 of the NPs. However, there is still very little understanding of how 
these and other effects conspire to improve electrocatalytic reaction rates or specificity.203 
Accordingly, it is, at present, not possible to a priori methodically tune the properties of 
metal NPs using support effects to achieve better electrocatalytic performance.  
To address this challenge, we recently reported well-defined experimental models 
for studying the effects of SMSIs on electrocatalytic reactions (Scheme 1).112,204 These 
models are based, in part, on NP-mediated electron transfer (eT) recovery,32,35,135,205 
which permits electrochemical study of interactions between metal NPs and well-defined 
ultra-thin metal-oxide (MO) films. The metal NPs utilized in our studies are prepared by 
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a dendrimer encapsulation method we206 and others have previously reported.10,11,207,208 
These dendrimer-encapsulated NPs (DENs) are small (~2 nm), nearly monodisperse in 
size, and catalytically active.110,209 Such small NPs have two advantages. First, they are 
amenable to first-principles calculations, and, second, they are most likely to exhibit 
interesting and observable SMSI effects in catalysis.2  
 
 
Illustration 6.1: Schematic representation of a PPF/SnOx/G6-NH2(Au147) electrode.  
We have previously shown that when DENs are immobilized onto MO supports 
prepared by atomic layer deposition (ALD),25,27 the dendrimers prevent direct 
interactions between the encapsulated NPs and the MO supports.204 However, we 
developed a UV/O3-based procedure that removes the dendrimer scaffolds without 
measurably affecting the size, shape, or composition of the encapsulated NPs.204 
Accordingly, it is possible to study electrocatalysis using exactly the same electrode in 
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the absence and presence of direct interactions between the metal NPs and the MO 
supports. 
We initially applied this experimental model system to what amounts to a control 
experiment.204 Specifically, we examined the oxygen reduction reaction (ORR) at PtNPs 
in the absence and presence of interactions with an Al2O3 support. Alumina is not an 
active oxide in catalysis, and therefore we did not expect it to influence the ORR. Indeed, 
this is what was observed. Now we are moving into a new phase of research in which the 
oxide supports are specifically chosen to exhibit SMSIs and hence influence 
electrocatalytic reactions. Indeed, we now rely on theory to predict, in advance, 
combinations of metals and oxides that will yield superior performance. This interplay 
between theory and experiment is effective because the experimental model is nearly as 
well-defined as the theoretical constructs. Accordingly, there is a direct correlation 
between structure and function. This is important, because there are not too many 
examples in which first principles theory correctly predicts the function of a complex 
electrocatalyst. 
In the present manuscript we consider the effect of two different supports (SnO1.9 
and SnO2.0) and one type of metal NP (Au DENs containing an average of 147 atoms, 
Au147) on the activity of the ORR. Compared to the case wherein the AuNPs are not in 
contact with the oxides, calculations predicted an overpotential reduction of ~0.30 V 
when the Au147 NPs directly interact with the SnOx (x = 1.9 or 2.0) supports. The key 
finding of this article is that this prediction is borne out nearly quantitatively by 





Spin-polarized DFT calculations were performed using the Vienna Ab initio 
Simulation Package.210–212 The generalized gradient approximation with the 
Perdew−Wang (PW91) functional213 was used to describe the exchange and correlation 
energy. Electron−ion interactions were treated by the projector augmented wave 
method.214 In all calculations, the energy cutoff of the plane-wave basis set was 400 eV. 
The DFT+U method was applied to 4d orbitals of Sn (4d105s2) to correct the on-site 
Coulomb interactions.215 A value of Ueff = 3.5 eV was used to reproduce the electronic 
structure that has been observed experimentally.216 Optimized structures were obtained 
by minimizing the forces on each ion until they fell below 0.05 eV/Å. A Bader analysis 
was employed to determine the local charge of atoms in the system.217,218  
The lattice constants calculated in this work are set to a = 4.17 Å, for fcc Au, and 
a = 4.71 Å, c = 3.17 Å, for rutile SnO2. AuNPs are modeled as cubo-octahedral Au147 and 
Au55. We considered the SnO2 (110) surface as it is the most stable surface of rutile 
SnO2.
219 The SnO2 (110) surface was modeled as a 6-layer slab with the top four layers 
fully relaxed, and the bottom two layers fixed in bulk positions. A vacuum gap of 15 Å 
was used to separate the slab from its periodic images. Supercells with a periodicity of (2 
 1) were employed to calculate adsorption and electrochemical reactions on the SnO2 
(110) surface. The Brillouin zone was sampled with a 4  4  1 Monkhorst-Pack k-point 
mesh.220 For the hybrid Au/SnO2 (110) system, we employed a SnO2 (110) slab of three 
layers and a periodicity of (8  4) with the bottom atomic layer fixed in bulk positions. A 
hemispherical Au70 NP was placed on the surface of the SnO2 slab. Due to the large 
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model employed, only the Γ point was used to sample the Brillouin zone. The atomic 




Figure 6.1: Atomic models employed in this work: (a) cubo-octahedral Au147 NP, (b) 
SnO2(110) slab, and (c) Au70 supported on SnO2(110) slab. 
Thermochemistry of the electrochemical ORR was calculated by applying the 
computational hydrogen electrode method.221 This method has previously proved 
successful in predicting ORR activity trends on transition metal surfaces221 and oxide 
surfaces222. Briefly, the Gibbs free energy change of each electrochemical elementary 
step of the ORR was calculated with DFT. The ORR reaction mechanism was assumed to 
follow the four-step associative mechanism represented in Equations 6.1-6.4. 
O2(g) + H
+ + e− + *  OOH*                                       (6.1) 
OOH* + H+ + e−  O* + H2O(l)                                   (6.2) 
O* + H+ + e−  OH*                                               (6.3) 
OH* + H+ + e−  H2O(l) + *                                       (6.4) 
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The free energy change of each elementary steps can be calculated as 
, where  is the zero-point energy. The total energy changes 
( ) of these elementary steps are the energy differences between DFT-calculated 
energies of reactant and product states. The chemical potential of the solvated proton and 
electron pair (H+ + e−) at standard conditions (pH=0, T=298.15 K) is calculated as 1/2GH2 
+ eUSHE assuming equilibrium at the standard hydrogen electrode. The changes in  
and  are calculated using previously determined values.221 Using the same 
computational hydrogen electrode method, it was also possible to calculate the surface 
free energies of formation of various SnO2 (110) surfaces covered with different 
adsorbates and determine stable surfaces as a function of applied electrode potential at 
pH = 0 (surface Pourbaix diagram).223  
Deposition of SnOx (x = 1.7 or 2.0) Films onto PPF Electrodes  
Oxide deposition was carried out using a Savannah S100 Cambridge NanoTech 
ALD system (Ultratech, San Jose, CA). TDMASn, heated to 60 °C, was used as the Sn 
source and H2O was the oxygen source. The ALD system was evacuated to <1 mmHg, 
and a patterned PPF substrate was heated to 150 °C for 20 min under a constant flow (20 
sccm) of high-purity N2. Each ALD cycle was carried out as follows: (1) a single 0.015 s 
pulse of H2O, (2) a 30.0 s purge with N2, (3) a 0.50 s pulse of TDMASn, and (4) a 30.0 s 
purge with N2. These four steps were repeated until the desired number of cycles had 
been achieved. This ALD procedure results in formation of SnO1.7 films. These films 
were converted into the stoichiometric oxide (SnO2.0) by heating to 150°C for 60 min 





X-ray photoelectron spectroscopy (XPS) was carried out using a Kratos Axis 
Ultra spectrometer (Chestnut Ridge, NY) having an Al Kα source. Samples were 
grounded using Cu tape. Spectra were collected using a 0.10 eV step size and a band pass 
energy of 20 eV. An electron flood gun was used to neutralize charge. Binding energies 
(BE) were calibrated against the C 1s line of PPF (284.5 eV).51,88 CasaXPS (version 
2.3.15, Casa Software, Teignmouth, UK) was used for peak fitting and analysis. A mixed 
Gaussian/Lorentzian model was used for symmetric line-shapes, while an asymmetric 
Lorentzian model was applied for asymmetric line-shapes.  
Ellipsometric measurements were performed using a J. A. Woollam M-2000D 
spectroscopic ellipsometer (Lincoln, NE). Data were collected using five different angles 
(between 44° and 66°) for each measurement. A three-part model was used for data 
analysis. The first slab was a 1.0 mm-thick layer of SiO2 (optical constants provided by 
the manufacturer). The second slab was a 500 nm-thick layer of carbon (optical constants 
determined experimentally using a plasma-activated PPF thin film).51 The third layer was 
SnO2, and its optical constants were provided by the manufacturer. The thickness of the 
oxide layer was allowed to vary. 
The surface roughness of the PPF and PPF/SnOx (x = 1.7 or 2.0) thin films were 
obtained using a Wyko NT9100 optical profilometer having a white light source and 
yielding 0.1 nm vertical resolution. 
Synthesis of DENs 
Au DENs were synthesized using a previously published procedure16,224. 
Specifically, 200 μL of 100 μM G6-NH2 dendrimer was added to 8.65 mL NERL water 
with vigorous stirring. Next, 147 μL of a 20.0 mM HAuCl4 stock solution was added 
105 
 
dropwise. Within 2 min of adding the first drop of the HAuCl4 solution, a ∼67-fold molar 
excess of NaBH4 (in 1.0 mL of 0.30 M NaOH) was added. The reaction mixture was 
stirred overnight to deactivate excess NaBH4. The final concentration of this 10.0 mL 
Au147 DENs solution was 2.0 μM.  
Immediately before immobilizing Au DENs onto the PPF/SnOx electrodes, the pH 
of the Au147 DENs solution was adjusted to ~3.2 using an aqueous HClO4 solution. 
Scanning transmission electron microscopy (STEM) indicated that Au147 DENs prepared 
in this way appeared spherical and had an average diameter of 1.8 ± 0.3 nm (Figure 6.2).  
 
 
Figure 6.2: TEM micrograph and particle-size distribution histogram for G6-
NH2(Au147) DENs prepared at pH ~3.2. The particle-size distribution is 
based on 150 randomly selected particles. The Au DENs have an average 
diameter of 1.8 ± 0.3 nm. 
Au DENs were immobilized atop SnOx-modified PPF electrodes by immersing 
the latter in the Au DENs solution (pH 3.2) for 2 h, after which the electrodes were rinsed 
under a gentle flow of NERL water and dried under low-pressure Ar. The newly formed 
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PPF/SnOx/G6-NH2(Au147)-modified electrodes were left to dry for at least 60 min prior to 
use.  
UV/O3 Method for Decomposition of G6-NH2 Dendrimers 
After surface modification, the PPF/SnOx/G6-NH2(Au147) electrodes were placed 
in the center of the UV/O3 chamber, the vacuum was turned on, and an external supply of 
O2 was introduced into the chamber at 517.1 mmHg for 15 min. Next, the O2 flow was 
stopped and the UV lamp was turned on for 5 min. After turning off the UV lamp, the 
chamber was purged with O2 (517.1 mmHg) for 10 min. The last two steps were repeated 
five times. Next, the O2 flow was stopped and the UV lamp was turned on for 5 min, and 
then the chamber was purged with O2 for 15 min. The O2 was turned off and the UV lamp 
was turned on for another 15 min. Finally, the UV lamp was turned off and the electrode 
was left inside the chamber for an additional 17 min.  
Electrochemical Characterization 
Electrochemical measurements were performed using a CH Instruments model 
CHI700D bipotentiostat (Austin, TX). For all electrochemical experiments, a Hg/Hg2SO4 
reference electrode (MSE, CH Instruments) and a Pt wire counter electrode were used. 
Throughout this article, however, potentials were converted to the standard hydrogen 
electrode (SHE) to simplify comparison to the theoretical calculation. For static (non-
flow) experiments, the electrochemical cell was fabricated from Teflon and used a Viton 
O-ring to define the area of the working electrode (12.4 mm2). Prior to experiments, the 
Au DENs were electrochemically cleaned by scanning the potential between 0.45 and 
1.55 V (vs. SHE) ten times in 0.10 M HClO4 solution. Electrochemical measurements 
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were performed in aqueous solutions containing 1.0 mM Fc(MeOH)2 and 0.10 M KNO3 
or 0.10 M HClO4 purged with either Ar or O2.  
Some electrochemical experiments were carried out using a flow cell having a 
previously reported design and characteristics.204 Measurements in the flow cell were 
carried out at several different flow rates. Between experiments at different flow rates 5 
min was allotted for the system to stabilize. 
RESULTS AND DISCUSSION  
Characterization Surface Pourbaix Diagram of SnO2(110) 
Thermodynamically stable surface structures of SnO2(110), as a function of 
applied potential, were found by calculating the relative stability of different adsorbate 
structures on the SnO2(110) surface. The calculated free energies for many possible 
surface adsorbate structures on SnO2(110) are plotted vs. potential at pH = 0 in Figure 
6.3. Figure 6.3 shows that the most stable surface structure within the potential window 
of -0.25 V to 1.5 V is the water-dissociated SnO2(110) surface that consists of adsorbed 
OH– species atop Sn5c (Sn5cOH
–) and hydrogenated lattice bridging oxygen (ObriH
+). The 
strong electrostatic interaction between Sn5cOH
– and ObriH
+ makes the water-dissociated 
surface stable over a wide potential window. When the applied potential is lower than -





Figure 6.3: Stable adsorbate surface structures of SnO2(110) as a function of applied 
potential at pH = 0. Black: clean SnO2(110) surface, green: hydrogenated 
SnO2(110) surface, red: water-dissociated SnO2(110) surface, blue: 
SnO2(110) surface with an oxygen vacancy, cyan: hydroxylated SnO2(110) 
surface. 
ORR Activity of SnO2(110) 
The Pourbaix diagram (Figure 6.3) indicates that the SnO2(110) surface is inactive 
for the ORR under normal operating conditions because Sn5cOH
– cannot be reduced to 
yield water unless a potential below -0.25 V is applied. The inactivity of the SnO2(110) 
surface is further illustrated by plotting the Gibbs free energy profile (FEP) along the 
ORR coordinate. The resulting FEP is shown in Figure 6.4a along with the adsorbate 
surface structures. The potential-determining step for the ORR on the hydrogenated 
SnO2(110) surface is the reduction of OH* to water, which requires a calculated 





Figure 6.4: Free-energy diagram for oxygen reduction on (a) a hydrogenated SnO2(110) 
surface and (b) an edge site of cubo-octahedral Au147 NP at U = 0, pH = 0 
and T = 298.15 K. 
We also investigated the ORR activity of other SnO2(110) surface structures, 
including the stoichiometric SnO2(110) surface and the partially reduced SnO2(110) 
surface having oxygen vacancies (Ov). Although these surfaces are not 
thermodynamically stable according to the surface Pourbaix diagram, they could be 
kinetically stabilized. The FEP of the ORR on the stoichiometric SnO2(110) surface is 
shown in Figure 6.5a. The active site examined was the top site of Sn5c. The atomic 
structures of various reaction intermediates adsorbed on SnO2(110) are shown alongside 
the FEP. The top site of Sn5c requires a large overpotential (~1.3 V) for the ORR due to 
weak binding strengths of oxygenated species, especially OOH*. Hence, the 
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overpotential-determining step in this case is the first reduction of O2 to form OOH*. We 
also examined the role of Ov for ORR catalysis. Figure 6.5b shows the FEP of ORR at the 
Ov site on SnO2(110). The results indicate that the oxygenated species adsorbs too 
strongly on the Ov site, and once the Ov site is saturated with O*, the Ov site cannot be 
regenerated to complete the catalytic cycle. 
 
 
Figure 6.5: Free-energy diagram for the ORR on (a) a stochiometric SnO2(110) surface 
and (b) an oxygen vacancy site on SnO2(110) surface at U = 0, pH = 0 and T 
= 298.15 K. 
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ORR Activity of Au147 
Given the foregoing discussion of the ORR activity on the SnO2(110) surface, we 
turn our attention to the ORR on Au147 NPs. For Au147, the FEPs of the ORR were 
calculated on an edge site, and on (100) and (111) facet sites. The results for the edge site 
and the atomic structures of the adsorbed intermediates are shown in Figure 6.4b. The 
calculations indicate that the ORR on the Au147 edge site requires a theoretical 
overpotential of about 1.0 V, and that the potential-determining step is the formation of 
OOH*. The adsorption strengths of O* and OH* are very close to the ideal binding 
strength. Hence, one way to improve Au147 for ORR catalysis is to stabilize OOH* on 
Au147. Finally, Figure 6.6 shows the results for the (111) and (100) facets. Compared to 
the previously discussed edge site, the (111) and (100) facets yield higher theoretical 






Figure 6.6: Free-energy diagram for the ORR on (a) a (111) facet and (b) a (100) facet 
of cubo-octahedral Au147 NP at U = 0, pH = 0 and T = 298.15 K. 
ORR Activity of Au/SnO2 
Hybrid metal/oxide systems often exhibit synergistic effects that can lead to 
enhancement of catalytic activity. For example, we have previously demonstrated that 
interfacial adsorption sites exist that can enhance the O2 adsorption strength on Au/TiO2 
as compared to the individual Au and TiO2 components.
225,226 In these cases, the 
enhancement is due to the combined effects of charge transfer and redistribution at the 
Au/TiO2 interface.
225 Because the Au147 catalyst suffers from weak adsorption of OOH*, 
which leads to a high predicted ORR overpotential, combining Au with SnO2 is a 
possible strategy for increasing the OOH* binding strength. 
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For the foregoing reason, we investigated O2 adsorption at the interface perimeter 
of Au/SnO2 using a model we used previously for studying the Au/TiO2 interface.
225 
Several adsorption sites for O2 were examined, and the adsorption surface structures and 
corresponding adsorption energies are shown in Figure 6.7. The results indicate that O2 
adsorbed at the Au/Sn5c-Sn5c site (Figure 6.7a) has an appreciable adsorption energy (-
0.83 eV) which is close to the calculated adsorption energy on Pt of -0.75 eV. The 
calculated FEP for the ORR (Figure 6.8a) confirms the high ORR activity at this Au/Sn5c-
Sn5c site. The predicted theoretical overpotential is 0.5 V, which is 0.7 V lower than the 
Au147 edge sites.  This is a consequence of the increased OOH* adsorption strength. We 
note, however, that this calculation does not take into account the SnO2 surface structure 
under typical ORR operating conditions. When the SnO2 surface is hydrogenated, as 
predicted by the Pourbaix diagram (Figure 6.3), the interfacial Au/Sn5c-Sn5c site no 
longer possesses high ORR activity, because the strong interaction between Sn5cOH
- and 
ObriH
+ leads to poisoning of the Sn5c site (Figure 6.8b). The other interfacial sites 
involving Sn5c, that is the Au-Sn5c dual site and Sn5c-Sn5c site, suffer the same problem of 
strongly adsorbed OH- atop Sn5c. Therefore, our calculations exclude the interfacial sites 





Figure 6.7: O2 adsorption structures and binding energies at the perimeter of Au/SnO2: 





Figure 6.8: Free-energy diagrams for oxygen reduction on (a) Au/Sn5c-Sn5c site at the 
interface of the Au rod/stoichiometric SnO2(110) model and (b) Au/Sn5c-
Sn5c site at the interface of the Au rod/hydrogenated SnO2(110) at U = 0, pH 
= 0 and T = 298.15 K. The atomic structures of active sites and intermediate 
adsorbates along the reaction coordinates are shown. “Clean” indicates the 
bare active site without adsorbates. “OOH*”, “O*”, and “OH*” are 
structures of adsorbates as indicated by the label. The color code is: yellow 
for Au, red for O, purple for Sn, and cyan for H. 
The calculation represented by Figure 6.7d also indicates that SnO2 does not 
promote O2 adsorption on the AuNP, even considering Au sites near the Au/SnO2 
interface. This supported Au nano-rod model is designed to model the edge of a large (>3 
nm) NP. Since the Au147 DENs are <2 nm in diameter, we also considered an isolated 
supported NP on the SnO2(110) surface, which will better capture the different 
Au/SnO2(110) boundary sites. As modeling an entire supported Au147 NP was too 
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computationally expensive, we have used a surrogate Au70 hemispherical model and 
placed it on the water-dissociated SnO2(110) surface, which is most relevant under 
reaction conditions. The FEP of the ORR on the edge of Au70 supported on SnO2(110) is 
shown in Figure 6.9a. The predicted theoretical overpotential is close to that on the edge 
of unsupported Au147; the limitation of both systems is the same - the lack of binding sites 
with sufficient adsorption energy for oxygen species, including OOH*. 
 
 
Figure 6.9: Free-energy diagrams for the ORR on (a) an Au edge site of Au70/water-
dissociated SnO2(110) and (b) anionic Au site of Au70/water-dissociated Ov-
SnO2(110) at U = 0, pH = 0 and T = 298.15 K. The atomic structures of 
active sites and intermediate adsorbates along the reaction coordinates are 
shown. “Clean” indicates the bare active site without adsorbates. “OOH*”, 
“O*”, and “OH*” are structures of adsorbates as indicated by the label. The 
color code is: yellow for Au, red for O, purple for Sn, and cyan for H. 
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SnO2 is a prototypical transparent conductor, exhibiting the seemingly 
contradictory properties of high metallic conductivity, due to massive structural non-
stoichiometry, with nearly complete insulator-like transparency in the visible range. First-
principles calculations confirm that O vacancies and Sn interstitials have low formation 
energies and strong mutual attraction, which explains why SnO2 can be found in the off-
stoichiometric form, SnO2-x
227, as we also see in this study.  Hence, we should expect an 
appreciable concentration of oxygen vacancies on the SnO2(110) surface. Additionally, 
the supported AuNPs should prefer to reside on surface oxygen vacancies with stronger 
adsorption. To capture this effect in our Au70/SnO2 model, we introduced a surface Ov 
underneath an Au atom at the edge of the Au-rod model. After relaxation, the Au atom 
above Ov sinks into the Ov due to the strong interaction, and the Au atom is reduced to a 
negative charge of -0.38e, according to our Bader analysis. We further calculate the FEP 
of the ORR at this anionic Au site, as shown in Figure 2b. The calculated theoretical 
overpotential in this case is 0.7 V, which is decreased by 0.3 V as compared to that at the 
edge of Au147. The enhancement is due to the stronger binding energy of OOH* at the 
anionic Au site above the surface Ov on SnO2(110) as compared to OOH* binding on the 
metallic Au site in Au147. Thus, our theoretical investigation predicts that by supporting 
AuNPs on SnO2, the ORR activity will be significantly enhanced as compared to the 
unsupported AuNP. 
Characterization Surface Properties and Stability of SnOx (x = 1.7 and 2.0) 
SnO1.7 and SnO2.0 ALD films were prepared following the detailed procedures 
outlined in the Experimental Section. For the purposes of our experiments, the critical 
characteristics of these films are that they have well-defined thicknesses, that they are 
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electrochemically passivating and stable under electrochemical conditions, and that they 
are uniform over macroscopic dimensions.  
The thicknesses of the SnO1.7 and SnO2.0 films were measured using spectroscopic 
ellipsometry. The data revealed a linear growth rate of 0.078 ± 0.005 nm/cycle (Figure 
6.10) for both materials.25 This growth rate is consistent with that reported in literature 
for the deposition of SnO2 at 150 °C onto PPF (0.078 ± 0.003 nm/cycle) and onto Si(100) 
(0.07 nm/cycle).85  
 
 
Figure 6.10: Plot of ellipsometric thicknesses as a function of the number of ALD cycles 
for (a) SnO1.7 and (b) SnO2.0 electrodes. The error bars (barely visible) 




We found that a thickness of 2.2 nm (28 ALD cycles) was necessary for both 
SnO1.7 and SnO2.0 to completely passivate electron transfer (eT) between the underlying 
PPF electrode and solution-phase Fc(MeOH)2. For example, Figure 6.11 compares cyclic 
voltammograms (CVs) of PPF, PPF/SnO1.7, PPF/SnO2.0, PPF/SnO1.7/G6-NH2(Au147), and 
PPF/SnO2.0/G6-NH2(Au147) electrodes in the presence of 1.0 mM Fc(MeOH)2. The 
experimental conditions for immobilization of Au147 DENs onto PPF/SnOx electrodes are 
discussed in the Experimental Section. Data in Figure 6.11a show that while well-defined 
oxidation and reduction peaks are observed for a naked PPF electrode (black), these 
peaks are absent when the same electrochemical scans are carried out with either the 
PPF/SnO1.7 (red) or the PPF/SnO2.0 (blue) electrode. This clearly indicates that 2.2 nm of 
either SnO1.7 or SnO2.0 is sufficient to completely passivate eT. However, the shapes of 
the CVs corresponding to PPF/SnO1.7/G6-NH2(Au147) (magenta) and PPF/SnO2.0/G6-
NH2(Au147) (green) electrodes are very similar to that of a PPF (black) electrode (Figure 







Figure 6.11: CVs obtained at the electrode modifications shown in the figure. The 
solutions contained aqueous 1.0 mM Fc(MeOH)2 and 0.10 M KNO3. The 
scan rate was 0.010 V/s. The geometric area of each electrode was 12.4 
mm2. 
We next evaluated the stability of the PPF/SnOx films under the electrochemical 
conditions used in our experiments. The Au147 DENs were immobilized onto the SnOx 
modified PPF electrodes at pH ~3.2, and the ORR experiments were carried out in 0.10 
M HClO4 solution. Therefore, to determine the stability of the ALD-modified electrodes 
under acidic conditions, the PPF/SnO1.7 and PPF/SnO2.0 electrodes were immersed in 0.10 
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M HClO4 solution for 2.0 h. Figure 6.12 shows CVs of Fc(MeOH)2 for the PPF/SnOx 
electrodes before and after this acid treatment. Changes to the CVs are small and indicate 
that the ALD films are rather stable under the tested acidic conditions.  
 
 
Figure 6.12: Results of a stability test of SnOx thin films.  CVs for (a) PPF/SnO1.7 and (b) 
PPF/SnO2.0 electrodes before (black) and after (red) a 2 h exposure to 0.10 
M HClO4. The CVs were obtained in an aqueous solutions containing 1.0 
mM Fc(MeOH)2 and 0.10 M KNO3. The scan rate was 0.01 V/s. The before 
and after CVs were obtained using different electrodes, and this likely 
accounts for the difference between the pairs of CVs. The arrows indicate 
the approximate position of the standard reduction potential (E0) for the 
redox couple (Fc/Fc+). The important point is that no electrochemical 
activity is observed for the redox probe even after the acid treatment. 
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The surface roughness of SnOx films was studied using optical profilometry, 
which revealed surfaces that are uniform and free of cracks. The average rms roughnesses 
of three independently prepared PPF electrodes coated with 2.2 nm-thick SnO1.7 or 
SnO2.0 determined over an area of 48 µm x 64 µm were ~0.63 ± 0.06 nm and ~0.68 ± 
0.04 nm, respectively (Figure 6.13). 
 
 
Figure 6.13: Optical profilometry of PPF electrodes modified with (a) 2.1 nm SnO1.7 and 
(b) 2.1 nm SnO2.0 films. The rms roughness of the PPF/SnO1.7 and 
PPF/SnO2.0 electrodes was ~0.63 nm ± 0.06 and ~0.68 nm ± 0.04, 




As mentioned in the Experimental Section, ALD was used to prepare the SnO1.7 
films, and the SnO2.0 films were prepared by oxidizing the as-prepared SnO1.7 films at 
150°C. XPS was used to determine the oxidation states of the two types of ALD films. 
Analysis of a tin oxide sample immediately after the ALD synthesis showed that the ratio 
of the atomic concentrations of Sn 3d:O 1s was 1.0:1.7 (Figure 6.14a,b and Table 6.1). A 
similar analysis was done with the ALD film following oxidation at 150°C. In this case, 
the results indicate that the Sn 3d:O 1s ratio increased to 1.0:2.0 (Figure 6.14c,d and 
Table 1).  
 
 
Figure 6.14: High-resolution XPS spectra in the Sn 3d and O 1s regions for (a), (b) a 
PPF/SnO1.7 electrode and (c), (d) a PPF/SnO2.0 electrode. All XPS peaks 
were referenced to the position of the PPF C 1s peak at 284.5 eV.51,88 
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Sn 3d:O 1s 
PPF/SnO1.7 37.6 62.4 1.0:1.7 
PPF/SnO2.0 15.61 30.97 1.0:2.0 
 
Table 6.1: Summary of XPS Sn 3d and O 1s atomic % concentrations and their ratios 
for PPF/SnO1.7 and PPF/SnO2.0 electrodes.  
Decomposition of G6-NH2 Dendrimers 
In our previous studies, we showed that UV/O3 can be used to nearly completely 
remove dendrimers from G6-OH(Pt55) DENs immobilized onto naked PPF electrodes and 
PPF electrode modified with Al2O3.
146,204 In the present case, we switched from G6-OH 
to G6-NH2 PAMAM dendrimers because the peripheral hydroxyl groups of G6-OH can 
prematurely reduce the Au3+/G6-OH DEN precursor complex, resulting in polydisperse 
AuNPs.16 This problem is avoided if G6-NH2 dendrimers are used.
16,208  
Accordingly, we evaluated the extent to which the G6-NH2 dendrimers are 
decomposed by UV/O3 by examining the PPF/SnO1.7/G6-NH2(Au147) interface before 
and after UV/O3 treatment. The results indicate that there is a 93% decrease of the 
dendrimer C 1s signal (Figure 6.15a,b) and an 88% decrease in the dendrimer N 1s signal 
(Figure 6.15c,d). The XPS results further showed that the UV/O3 treatment does not 
cause significant oxidation of Au147 NPs. Nonetheless, to ensure zero-valent Au after the 
UV/O3, the electrodes were scanned 10 times between 0.45 V to 1.55 V in 0.10 M HClO4 





Figure 6.15: High-resolution XPS spectra in the C 1s and N 1s regions for a 
PPF/SnO1.7/G6-NH2(Au147) electrode before and after UV/O3 treatment. The 
C 1s region (a) before and (b) after the UV/O3 treatment. The N 1s region 
(c) before and (d) after the UV/O3 treatment. All XPS peaks were referenced 
to the position of the PPF C 1s peak at 284.5 eV.51,88 A mixed 
Gaussian/Lorentzian model was used for symmetric line-shapes, while an 
asymmetric Lorentzian model was applied for asymmetric line-shapes. 
Following the UV/O3 treatment, a 93% decrease of the dendrimer C 1s 
signal and an 88% decrease in the dendrimer N 1s signal were observed. 
Effect of UV/O3 Treatment on the Oxidation States of SnOx (x = 1.7 and 2.0) Films 
As mentioned in the previous section, the G6-NH2 dendrimers are almost 
completely decomposed when exposed to UV/O3, but we wondered if this treatment 
affects the oxidation state of SnOx. Accordingly, we carried out a control experiment in 
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which PPF/SnOx substrates (no immobilized DENs) were subjected to UV/O3 and then 
analyzed using XPS. Figure 6.16 summarizes the results of this experiment. Following 
exposure of the PPF/SnO1.7 electrode to UV/O3, the Sn 3d:O 1s ratio is 1.0:1.9 (Figure 
6.16a,b and Table 6.2). This means that after removal of the dendrimer the oxidation state 
of the support changes from SnO1.7 to SnO1.9. Accordingly, following exposure to 
UV/O3, the PPF/SnO1.7/G6-NH2(Au147) electrode is best represented as PPF/SnO1.9/Au147 
(Scheme 6.2a). This is a small change, but it is important to take it into account when 
comparing experimental results to theory. 
 
 
Figure 6.16: High-resolution XPS spectra in the Sn 3d and O 1s regions for (a), (b) 
PPF/SnO1.7 and (c), (d) PPF/SnO2.0 electrodes after the UV/O3 treatment. 








Concentration O 1s 
Sn 3d : O 1s 
PPF/SnO1.7 After 
UV/O3 Treatment 
34.8 65.2 1.0 : 1.9 
PPF/SnO2.0 After 
UV/O3 Treatment 
16.29 33.19 1.0 : 2.0 
Table 6.2: Summary of XPS Sn 3d and O 1s atomic % concentrations and their ratios 
for PPF/SnO1.7 and PPF/SnO2.0 electrodes after the UV/O3 treatment.  
In contrast to the SnO1.7 substrate, UV/O3 treatment did not significantly affect 
the oxidation state of SnO2.0 (Scheme 6.2b). That is, following UV/O3 the Sn 3d:O 1s 
ratio remained 1.0:2.0 (Figure 6.16c,d and Table 6.2). These substrates are therefore 
referred to henceforth as PPF/SnO2.0/G6-NH2(Au147) and PPF/SnO2.0/Au147 before and 






Illustration 6.2: Schematic representation of (a) PPF/SnO1.7/G6-NH2(Au147) and (b) 
PPF/SnO2.0/G6-NH2(Au147) electrodes before and after the UV/O3 
treatment.  
Evaluation of the ORR Onset Potential and Kinetics in the Absence and Presence of 
Contact between AuNPs and SnOx (x = 1.7, 1.9, and 2.0) Supports 
In the previous sections we showed that dendrimers can be removed from 
encapsulated AuNPs, which means that it is possible to control whether or not the AuNP 
is in direct contact with the oxide surface (Scheme 6.2). Accordingly, we now focus on 
studying the ORR electrocatalyzed by Au147 NPs in the absence and presence of contact 
with SnO1.9 and SnO2.0 supports.  
Prior to electrochemical measurements, the Au147 NPs were electrochemically 
cleaned as described in the Experimental Section. Figure 6.17 shows representative linear 
129 
 
sweep voltammograms (LSVs) for the ORR at PPF/SnO1.7/G6-NH2(Au147) and 
PPF/SnO2.0/G6-NH2(Au147) in the absence and presence of the interactions between 
AuNPs and the supports. These LSVs were obtained by scanning the GE electrode from 
0.65 V to -0.45 V at 0.050 V/s while flowing O2-saturated 0.10 M HClO4 through the 
flow cell (described in the Experimental Section) at 10 µL/min. As mentioned earlier, 
removal of the dendrimers results in direct interactions between the Au147 NPs and the 
supports. When such direct interactions are introduced between Au147 NPs and the SnO1.9 
support, a 0.33 V positive shift in the onset potential (defined in the figure caption) for 
the ORR is observed. A shift of similar magnitude (0.28 V) is observed when dendrimers 
are removed from the PPF/SnO2.0/G6-NH2(Au147) electrode. The observed improvements 
in the onset potentials following the removal of dendrimers for both SnO2.0 and Sn01.9 are 
in near-quantitative agreement with the calculations discussed earlier, which indicated 






Figure 6.17: LSVs obtained using the indicated generator electrode (GE) modifications. 
The GE was scanned from 0.65 to −0.45 V (vs. SHE) at 0.050 V/s in O2-
saturated 0.10 M HClO4. The flow rate (VF) was 10 µL/min. The onset 
potential was defined as that potential corresponding to 10% of maximum 
current. 
To evaluate the kinetics of the ORR, the experiments described in the previous 
paragraph were repeated, but this time the flow rate of the solution in the electrochemical 
flow cell was varied. Figure 6.18 is a plot of iGE vs. VF
1/3 for the indicated GE 
modifications. The value of iGE is defined as current obtained at -0.45 V. The currents for 
the PPF/SnO1.7 electrode are negligible, while just slightly higher currents are observed 
for the PPF/SnO2.0 electrode. In contrast, significantly higher currents are observed in the 
presence of the DENs (Scheme 6.2). It is important to point out that the currents obtained 
for these two types of electrode modifications overlap with each other over the entire 
flow rate range, indicating that the observed ORR activity is due only to the presence of 
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Au147 DENs and that the underlying supports have little effect on the ORR. This is not 
surprising, because the presence of the dendrimer means the DENs are not in direct 
contact with the oxides. We further confirmed that the identity of the oxide is not 
important when the dendrimers are present by carrying out the same experiments using 
Al2O3 ALD supports.
204 Indeed, the ORR currents obtained using a PPF/Al2O3/G6-
NH2(Au147) electrode (Figure 6.19) yielded results very similar to those obtained with the 
PPF/SnO1.7/G6-NH2(Au147) and PPF/SnO2.0/G6-NH2(Au147).  
 
 
Figure 6.18: Plot showing the relationship between iGE and VF
1/3 for the indicated 
generator electrode (GE) modifications. The GE was scanned from 0.65 to 
−0.45 V (vs. SHE) at 0.050 V/s in O2-saturated 0.10 M HClO4. The 
potential of the collector electrode (CE) was held at 1.35 V. The error bars 
represent the standard deviations for three measurements that were carried 




Figure 6.19: Plot showing the relationship between iGE and VF
1/3 for the PPF/Al2O3/G6-
NH2(Au147) and PPF/Al2O3/Au147 electrodes. The generator electrode (GE) 
was scanned from 0.65 to −0.45 V (vs. SHE) at 0.050 V/s in O2-saturated 
0.10 M HClO4. The error bars represent the standard deviations for three 
measurements that were carried out using independently prepared 
electrodes. 
After removal of the dendrimers, further improvements in the ORR kinetics are 
observed for the both the PPF/SnO1.9/Au147 and with PPF/SnO2.0/Au147 electrodes. These 
increases are shown as the blue and green squares at VF
1/3 = 2.15 in Figure 6.18. 
Unfortunately, these electrodes modifications were not stable at higher flow rates, 
indicating that the dendrimer provides a stabilizing scaffold for the encapsulated DENs at 
higher flow rates. Nevertheless, all the results shown in Figure 6.18 were highly 
reproducible (the almost negligible error bars in the figure result from at least three trials 
using independently prepared electrodes), indicating that the near doubling of the current 
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after removal of the dendrimers is real. To confirm that the increase in current results 
from support effects, we carried out the same experiment using an inert Al2O3 support. In 
this case, there was no change in current regardless of the presence or absence of the 
dendrimer (Figure 6.19).  
Evaluation of the ORR Pathway in the Absence and Presence of Contact between 
AuNPs and SnOx Supports 
In this section we describe experiments intended to better understand how the 
SnO1.9 and SnO2.0 supports affect the ORR pathway on AuNP electrocatalysts. These 
experiments were carried out as follows using the flow cell in generation/collection 
mode. First, O2-saturated 0.10 M HClO4 was introduced into the electrochemical cell at 
four different flow rates (10, 15, 20, and 25 µL/min). Second, after the flow rate 
stabilized the ORR was initiated at the GE by scanning it from 0.65 V to -0.45. H2O2 
produced at the GE during the ORR, was then detected at the CE via electrochemical 
oxidation. This was accomplished by holding the potential of the CE at 1.35 V.204 The 
values of iGE and iCE obtained at -0.45 V, along with the previously determined value of 
collection efficiency (N = 57 ± 10%),204 were used with Equation 5.7 to calculate neff 
involved in the ORR. 
Figure 6.20 is a plot of neff vs. VF
1/3 for the four electrode modifications indicated 
in the legend of the figure. Consistent with the previously discussed kinetic 
measurements, the values of neff nearly overlap for PPF/SnO1.7/G6-NH2(Au147) and 
PPF/SnO1.7/G6-NH2(Au147). However, when the dendrimer is removed and the AuNPs 
are in direct contact with the oxide, there is a dramatic reduction in the amount of 
peroxide generated. Specifically, neff increases from 2.1 ± 0.2 to 2.9 ± 0.1 for the 
PPF/SnO1.7/G6-NH2(Au147) electrode and from 2.2 ± 0.1 to 3.1 ± 0.1 for the 
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PPF/SnO2.0/G6-NH2(Au147) electrode. These results indicate that direct interactions 
between Au147 NPs and both supports, SnO1.9 and SnO2.0, have beneficial effects on the 
ORR pathway.  
 
 
Figure 6.20: Plot of neff vs. VF
1/3
 for the indicated electrode modifications. The potential 
of the collector electrode (CE) was held at 1.35 V (vs. SHE).  
Electronic Interactions between AuNPs and SnO1.7 and SnO2.0 Supports 
Theory suggests that the reason for improvements in the ORR electrochemistry 
are due to electron transfer from surface oxygen vacancies within the SnOx supports to 
the AuNPs, which leads to an improved binding strength of OOH* on AuNPs. We next 
sought to confirm this theoretical finding by finding experimental evidence for electronic 
interactions between Au147 NPs and the SnOx supports. This was accomplished using 
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XPS to determine the positions of Au 4f and Sn 3d5/2 XPS peaks before and after UV/O3 
treatment.  
Before the UV/O3 treatment, the Au 4f region of the PPF/SnO1.7/G6-NH2(Au147) 
interface can be deconvoluted into two peaks at 84.31 eV (Au 4f7/2) and 88.0 eV (Au 
4f5/2) (Figure 6.21a). These peaks are assigned to metallic Au.
88,146 Following the UV/O3 
treatment and the subsequent electrochemical reduction, the positions of two Au 4f peaks  
for PPF/SnO1.9/Au147 shift by -0.28 eV so that the Au 4f7/2 peak is now observed at 84.03 
eV. Similarly, the positions of the Sn 3d5/2 peaks before and after UV/O3 (followed by 
electrochemical reduction of AuOx) were found to be at 487.20 eV and 487.37 eV, 
respectively (Figure 6.21b). This change of +0.17 eV, taken together with the previously 
discussed negative shift in the Au 4f BE, indicates partial electron transfer from the 
SnO1.7 support to Au147 NPs following removal of the dendrimer. The increased 
asymmetry of the Au 4f peaks following removal of the dendrimers (Figure 6.21a) further 
confirms partial charge transfer.126   
Changes in positions of Au 4f and Sn 3d5/2 peaks were analyzed in a similar 
fashion for the PPF/SnO2.0/G6-NH2(Au147) interface. Before UV/O3 treatment, two Au 4f 
peaks are present at 84.38 eV and 88.10 eV corresponding to metallic Au (Figure 6.21c). 
The Sn 3d5/2 peak is at 487.14 eV (Figure 6.21d). Following UV/O3 treatment, the Au 4f 
BEs decrease by -0.13 eV and the Au 4f7/2 peak is now present at 84.25 eV. Following 
removal of the dendrimers, the Sn 3d5/2 peak shifts by +0.28 eV to 487.42 eV. As before, 





Figure 6.21: High-resolution XPS spectra in the Au 4f and Sn 3d5/2 regions for (a,b) 
PPF/SnO1.7/G6-NH2(Au147) and (c,d) PPF/SnO2.0/G6-NH2(Au147) electrodes 
before the UV/O3 treatment (black) and after UV/O3 treatment (followed by 
electrochemical reduction of Au) (red). All XPS peaks were referenced to 
the position of the PPF C 1s peak at 284.5 eV. 
We previously showed that naked PPF supports and PPF/Al2O3 supports do not 
induce measurable changes in the electronic properties of Pt55 NPs.
204 Likewise, there 
was no change in the onset potential for the ORR regardless of whether the Pt55 NPs were 
in contact with PPF or PPF/Al2O3 interfaces. We wondered, however, if these 
catalytically inactive Al2O3 supports behave in the same way when interacting with Au147 
NPs. Accordingly, we prepared PPF/G6-NH2(Au147) and PPF/Al2O3/G6-NH2(Au147) 
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electrodes and tested them before and after UV/O3 treatment using XPS. In both cases, 
negligible shifts in the positions of the peaks of interest were observed after the removal 
of the dendrimers. That is, in case of PP/G6-NH2(Au147), following the UV/O3 treatment 
and subsequent electrochemical reduction, the Au 4f peaks shift by -0.04 eV towards 
lower BE values (Figure 6.22). Similarly, in case of PPF/Al2O3/G6-NH2(Au147), the BEs 
of the Au 4f and Al 2s peaks shift by 0.01 eV and 0.05 eV, respectively (Figure 6.23). 
These results indicate that in contrast to the SnO1.7 and SnO2.0 interfaces, neither the PPF 
nor the PPF/Al2O3 supports exhibit significant electronic interactions with the Au147 NPs. 
This control experiment further supports our contention of partial charge transfer from 
the SnOx supports to the Au147 NPs. 
 
 
Figure 6.22: High-resolution XPS spectra in the Au 4f region for a PPF/G6-NH2(Au147) 
electrode before the UV/O3 treatment (black) and after UV/O3 treatment 
followed by electrochemical reduction of Au (red). The XPS peaks were 




Figure 6.23: High-resolution XPS spectra in the (a) Au 4f and (b) Al 2s regions for a 
PPF/Al2O3/G6-NH2(Au147) electrode before UV/O3 treatment (black) and 
after UV/O3 treatment followed by electrochemical reduction of Au (red). 
All XPS peaks were referenced to the position of the PPF C 1s peak at 284.5 
eV.51,88 
SUMMARY AND CONCLUSIONS  
Here we have shown that DFT calculations can be used to predict the nature of 
interactions between SnOx thin films and AuNPs, and further to understand the effect that 
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these interactions have on the ability of AuNPs to electrocatalyze the ORR. Specifically, 
both theoretical predictions and subsequent experimental results have shown that 
enhancements in the ORR onset potential, kinetics, and pathway occur only when AuNPs 
directly interact with the SnOx supports. DFT calculations and experimental results also 
converge to explain that the observed improvements in the ORR activity arise from 
electron transfer from surface oxygen vacancies within SnOx supports to the AuNPs.  
 The results of this study are significant for three reasons. First, we showed 
that oxygen surface vacancies can have a significant effect on interactions between 
supports and overlaying NPs, and that these interactions may have a significant impact on 
electrocatalytic processes. Second, we have developed a very well-defined experimental 
model that can be directly correlated to DFT calculations. Third, and most importantly, 
the calculations reported here were performed prior to the experiments. In other words, 
this study represents an unusual case of theory accurately predicting the electrocatalytic 
manifestation of a strong metal support interaction.   
The approach described here can help broaden our understanding of the 
interactions between different metal NPs and metal-oxide supports, and the effect of such 
interactions on electrocatalytic reactions. We now seek to discover if the predictive 
approach reported here is unique, or if it can be extended to other combinations of 
supports and NPs. Experiments are currently underway to determine if predictions made 
for a second set of materials can be confirmed experimentally. Those results will be 




Chapter 7: Conclusions and Outlook 
In this dissertation, I have introduced a well-characterized electrocatalyst system 
suited for studying effects of supports on electrocatalytic activity of overlying metal NPs. 
Using first principle theory it was possible to accurately model this experimental system, 
allowing theory to start leading the experimental research. Key points from each chapter 
are summarized below.  
Fist, ultra-thin films of Al2O3 (2.5 nm), deposited via ALD, were able to 
completely passivate eT from underlying PPF electrodes to Fc(MeOH)2 in solution. More 
importantly, immobilization of G6-OH(Pt55) (1.3 nm) onto the Al2O3 surface completely 
recovered previously passivated eT. Finally, although dendrimers prevented direct 
contact between the encapsulated Pt55 NPs and the underlying Al2O3, the PPF/Al2O3/G6-
OH(Pt55) electrode was active for the ORR.  
Second, an efficient UV/O3 treatment for the removal of G6-OH dendrimers from 
G6-OH(Pt55) immobilized onto a PPF electrode was presented. The UV/O3 treatment did 
not damage PPF electrodes nor did it affect the size, shape, or composition of the 
encapsulated NPs as confirmed by SEM, STEM, XPS, and electrochemical experiments. 
Using the developed UV/O3 treatment is possible to control the expression of interactions 
between NPs and their supports. This means that the developed system is near-perfect for 
studying support effects, because the exact same electrode can be examined with support 
effects turned off or on simply by removing the dendrimer.  
Third, a microfluidic flow cell is introduced allowing the study of complex 
surface modifications such as ALD-modified electrodes or electrodes treated with 
UV/O3. The main advantage of this flow cell is that both generation and collection 
electrodes can be fabricated independently of each other, outside the cell. The electrodes 
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can then be introduced into the flow cell for analysis, removed from the cell again for 
modifications, and reintroduced for additional analysis. Using Levich and generation-
collection experiments, we showed that neither presence of the dendrimers nor direct 
interactions between Al2O3 and PtNPs affect the PtNP activity for the ORR. This is 
expected as Al2O3 is not a reducible oxide, and it will be used as a control system for the 
future studies.  
Finally, we moved towards a new phase in our research in which theoretical 
calculations are used to design electrocatalysts with desired properties. The theoretical 
predictions were then tested experimentally. Specifically, we studied the ORR 
electrocatalyzed at PPF/SnO1.7/G6-NH2(Au147) and PPF/SnO2.0/G6-NH2(Au147) 
electrodes in the absence and presence of support/NP interactions. Experimental results 
of this study agreed perfectly with the DFT calculations. That is, improvements in the 
ORR activity for both electrodes were only observed when AuNPs interacted directly 
with SnOx supports. The enhancements in the electroactivity occurred due to the electron 
transfer from oxygen vacancies within the SnOx support to the overlying AuNPs.  
Now that we have shown that the experimental system can accurately be modeled 
using DFT, we will continue using a theory-first approach in the future studies. Our first 
objective in this regard will focus on understanding the effects of various reducible MO 
supports (e.g. TiO2, CeO2, and MnOx) on the electrocatalytic activity of monometallic 
NPs (Pt, Au, and Pd) for the ORR. Next, this collaborative study will be extended to 
include bimetallic NPs (core@shell and alloy) and more complex reactions that are of 
crucial importance for the production and use of chemical fuels (alcohol oxidation and 
formic acid oxidation). Compared to the current paradigm of trial and error discovery, 
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this fundamental study is a more efficient approach to catalyst design allowing for much 
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